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ABSTRACT 
 
The Platreef has been the site of platinum mining since the 1920’s.  The reef itself 
comprises a series of pyroxenites, gabbronorites and norites that contain 
xenoliths/rafts of footwall rocks.  The Platreef is irregularly mineralised with PGE, 
Cu and Ni, and has a greater abundance of sulphides than the Merensky Reef.  The 
main base metal sulphides within the Platreef are pyrrhotite, pyrite, pentlandite, and 
chalcopyrite.  Extremely varied platinum group minerals occur as tellurides, 
bismuthotellurides, antimonides and arsenides.   
 
This study aimed to gain a clearer understanding of the formation of sulphides within 
the Platreef.  In order to do this, cores from both the northern and southern sectors of 
the Platreef were sampled.  A detailed study of the sulphides within these cores was 
conducted to identify different styles of mineralisation and their occurrences.  Four 
different styles of mineralisation were identified: massive, net-textured, blebby and 
interstitial.  In general, sulphides in the southern sector of the Platreef are 
concentrated in the lower portion of the package, whereas in the northern sector they 
are concentrated in the upper part although in both sectors the sulphide occurrences 
are associated with metasedimentary xenoliths. 
 
Conventional and multiple sulphur isotope analyses were undertaken on sulphides 
from cores from both the southern and the northern sectors.  This was done in order 
to determine the source of the sulphur.  These analyses were also conducted to 
examine sulphur isotope variations with changing footwall.  Previous sulphur isotope 
data predominantly obtained from the central sector of the Platreef indicated a crustal 
contribution to the sulphur budget but did not provide much data on footwall 
sulphides so the nature of the crustal component was only implied.   In this thesis 
sulphur from an external source was identified as having contributed to the formation 
of sulphides in both the southern and the northern sectors of the Platreef, especially 
for sulphides in proximity to metasedimentary xenoliths.  In the southern sector of the 
 iii
Platreef this source was identified as most likely being pyritic shales of the Lower 
Duitschland Formation.  In the northern sector, Malmani dolomites, which are 
suggested to have collapsed from the roof of the Platreef, are the most likely source 
of sulphur.  Importantly, in the northern sector no sulphur is thought to have come 
from the Archaean granite footwall. 
 
Oxygen isotope analyses were conducted on samples from the southern sector of the 
Platreef to verify the presence of crustal contamination.  Data collected indicated that 
there had been a crustal oxygen component involved in the formation of silicates that 
led to their partial recrystallisation.  When compared to oxygen isotope data from the 
central sector of the Platreef it appears that there are variations along strike that most 
likely result due to the changing footwall. 
 
This data indicates a major contribution of oxygen-, sulphur- and other volatile-rich 
fluids to the Platreef.  This led to the partial re-crystallisation of silicates, and in areas 
in close proximity to sulphur-bearing metasedimentary xenoliths aided in the 
formation of sulphides.  These volatile-rich fluids most likely originated from 
metasedimentary xenoliths during metamorphism that then migrated through the 
Platreef package.  
 
When the observations from both the southern and northern sectors of the Platreef are 
compared and combined with pre-existing data for the central sector, several general 
observations can be made. 
 
1. The entire length of the Platreef has been affected by contamination from 
crustal sulphur sources to some degree.  This contamination is suggested to be 
from volatile-rich fluids which were released from metasedimentary crustal 
xenoliths and footwall during metamorphism.   
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2. The proximity between sulphide enrichment and sulphur-bearing sediments 
(as footwall or xenoliths) is important and indicates the source of the sulphur 
which led to sulphide formation.   
3. Contamination occurred on a localised scale, depending on the composition of 
the sedimentary lithologies and the proximity of the contaminant to the 
magma.  In the southern sector of the Platreef the source of the sulphur is 
almost certainly pyritic shales of the Lower Duitschland Formation.  In the 
central sector, sulphur has most likely come from sulphur-rich dolomites and 
evaporites from the Malmani dolomites.  In the northern sector, sulphur-rich 
fluids were released from Malmani dolomite rafts that collapsed from the roof 
into the magma during the emplacement of the Platreef.  The Archaean 
footwall in this area has had little or no control on the formation of the 
sulphides within the Platreef. 
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CHAPTER ONE 
INTRODUCTION 
 
Introduction 
 
The Platreef has been the site of platinum prospecting and mining since the 1920s 
(White, 1994). The reef itself is a series of pyroxenites and norites, containing 
xenoliths/rafts of footwall rocks. The Platreef is irregularly mineralised with PGE, 
Cu and Ni, and there is a greater abundance of sulphides than in the Merensky 
Reef. There is an extremely varied platinum group mineralogy, occurring mainly 
as tellurides, bismuthotellurides, antimonides and arsenides of Pd, Pt, and Rh, 
(Hutchinson et al., 2004) which varies in relative proportions in different sectors 
of the Platreef.  The main base-metal sulphides within the Platreef are pyrrhotite, 
pyrite, pentlandite, and chalcopyrite. This mineralisation was previously thought 
to be dominantly of magmatic origin, however, evidence for “post-magmatic fluid 
interaction” (Harris and Chaumba, 2001), and contamination of the magma by 
crustal material are now regarded as potential processes.  
 
In order to gain a further understanding of the sources of sulphur within the 
Platreef, as well as mineralisation processes, a sulphur-isotope study has been 
undertaken on samples collected from the southern and northern Platreef and its 
footwall rocks.  Previous sulphur isotope data (Liebenberg, 1968; Hulbert, 1983) 
obtained more than twenty years ago indicated that sulphides within the Platreef 
were of a magmatic origin.  However sulphur isotope data presented by Buchanan 
et al. (1981) and Buchanan and Rouse (1984) indicated a crustal contribution from 
Malmani dolomites to the sulphur budget, but did not provide much data on 
footwall sulphides.     
 
This study aims to undertake a more detailed examination of the role of sulphur 
contamination within the Platreef by an analysis of sulphur isotopes both within 
the footwall and through the Platreef at differing distances from the footwall.  It 
will also use other stable isotope systems (oxygen and multiple-sulphur isotopes) 
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as an additional monitor of contamination of the Platreef magma, and to possibly 
identify different generations of magma.  This research forms part of a larger 
research group that is currently investigating different aspects of the Northern 
Limb.  It is hoped that this will help provide a fuller understanding of the 
magmatic processes that led to the formation of the Platreef.  Other work that is 
being conducted by this group includes additional geochemistry (Prof. J. 
Kinnaird), platinum-group mineralogy (Dr. D. Hutchinson), and mineral 
chemistry (Victor Mothetha). 
 
Regional Geology 
 
Transvaal Supergroup 
 
The Palaeoproterozoic Transvaal Supergroup (Figure 1.1) was deposited between 
2.67 and 2.07 Ga (Coetzee, 2001; Eriksson et al., 2001) in the Transvaal and the 
Griqualand West Basins which are separated by the Vryburg Rise (Bekker et al., 
2001).  The Supergroup attains a maximum thickness of 12 km within the 
Transvaal Basin (Eriksson et al, 2001).  The basement rocks of the Transvaal 
Supergroup are predominantly Archaean granites, gneisses and greenstones, as 
well as a Witwatersrand sedimentary succession and Ventersdorp lavas (Coetzee, 
2001; Eriksson et al., 2001).  The Transvaal Basin comprises the Wolkberg, 
Chuinespoort, and Pretoria Groups (Figure 1.1), however as there is an erosional 
contact between the Wolkberg and Chuniespoort Groups, Coetzee (2001) does not 
consider the Wolkberg group to be part of the Transvaal Basin sensu stricto.   
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Figure 1.1: Stratigraphic Column of the Transvaal Supergroup, showing detail of 
the Duitschland Formation (Bekker et al., 2001; Coetzee, 2001).P 
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The Wolkberg Group consists of upward-coarsening feldspathic quartzites and 
argillaceous sedimentary rocks, coarse quartz-sericite arenites, conglomerates, a 
basaltic lava and stromatolitic carbonate beds (Coetzee, 2001), and reaches a 
maximum thickness of 2000 m.  It is unconformably overlain by the Black Reef 
Formation, which occurs at the base of the Chuniespoort Group.  The Black Reef 
Formation comprises quartzites, and a basaltic lava unit.  According to Coetzee 
(2001), the Black Reef Quartzite grades into the Malmani Subgroup through a 10 
to 200 m-thick unit comprising iron and manganese-rich dolomite, carbonaceous 
shale and quartzite.  The Malmani subgroup reaches a maximum thickness of 
2400 m, and comprises limestone, chert-rich, and chert-poor dolomite.  
Conformably overlying the Malmani subgroup is the Penge Formation which is 
composed of quartz, magnetite, hematite, stilpnomelane, riebeckite, minnesotaite, 
grunerite and carbonates, either in mixed or monomineralic layers.  It is micro-, 
meso- and macrobanded, with the laminae being laterally very persistent 
(Coetzee, 2001).  This unit also contains subordinate carbonaceous shale beds.  
The transition from the Chuniespoort to the Pretoria Group marks a transition 
from mainly chemical to mainly clastic sedimentation.   
 
In the southern sector of the Platreef, where this study is focused, the footwall is 
often comprised of Duitschland Formation which marks the base of the Pretoria 
Group and disconformably overlies the Chuniespoort Group.  It comprises 
diamictite, an alternating sequence of fine-grained laminated shales; occasionally 
containing pyrite; and dolomite, along with some minor sequences of quartzite 
and mudrock (Figure 1.1).  The Formation is exposed in two areas near Mokopane 
(Figure 1.2) and has a maximum thickness of 1000 m (Martini, 1979).  The 
Duitschland Formation is thought to have been deposited in a relatively shallow 
marine environment (Bekker et al., 2001; Martini, 1979), this is supported by the 
presence of stromatolites.  Carbonaceous shales represent the deepest depositional 
environment within the Formation (Martini, 1979).  The base of the Formation is 
marked by a diamictite, and the top of the Formation is characterised by an ivory-
white dolomite containing bornite and chalcopyrite.  It is bounded at its base in 
the north by the Penge Formation which is composed predominantly of quartz, 
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magnetite and hematite (Coetzee, 2001) and also contains subordinate 
carbonaceous shale beds.  The top of the sequence, in the south, is marked by the 
Timeball Hill Formation which is composed of shale, quartzite, and diamictite. 
 
 
Figure 1.2:  Geological Map of the area around the town of Mokopane (previously 
Potgietersrus) showing the location of Farm Duitschland (modified from Martini, 
1979) 
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The Timeball Hill Formation is subsequently unconformably overlain by the 
Boeshoek Formation (Figure 1.1).  This is then conformably overlain by altered 
basaltic lavas of the Hekpoort Formation.  Overlying the Hekpoort lavas is a 
palaeosol, represented by the Dwaalheuwel Formation, which comprises 
diamictite, conglomerate, and sandstone (Catuneanu and Eriksson, 1999).  
Conformably above this is the Strubenkop Formation, which is finer-grained, and 
comprises mudstones with subordinate sandstones.  The overlying Daspoort 
Formation is coarser-grained and comprises sandstones.  This is then followed by 
the Silverton Formation mudstones [commonly tuffaceous] with some sandstone, 
and interrupted by the Machadodorp volcanics) and the Magaliesberg Formation 
(sandstone with mudstone lenses and interbeds) (Reczko, 1994; Catuneanu and 
Eriksson, 1999).  This alternating sequence of mudstones and sandstones is then 
repeated through the Vermont, Lakenvlei, and Nederhorst Formations, followed 
by the Steenkampsberg Formation which comprises sandstones.  The top of the 
Pretoria Group sedimentary succession is marked by the Houtenbek Formation, 
which comprises tuffaceous mudstones, followed by limestone, sandstone, and 
finally mudstones (Reczko, 1994; Catuneanu and Eriksson, 1999).  The 
Dullstroom Lavas mark the top of the Transvaal Supergroup (Coetzee, 2001).  
However, as these lavas are Bushveld in age they do not truly belong to the 
Transvaal Supergroup. 
 
Bushveld Igneous Complex 
 
The Bushveld Igneous Complex (BIC) is a sequence of layered mafic and 
ultramafic rocks, with varying lithologies ranging from dunite and pyroxenite, to 
anorthosite and pure oxide layers (Eales and Cawthorn, 1996).  The BIC covers an 
area of approximately 65 000 kmP2 P, with a thickness of 3-9 km (Figure 1.3).  The 
lithologies occur as a succession of layers of varying thickness, and despite their 
age of 2060 ± 1 Ma (Buick et al., 2001) have experienced no metamorphism, but 
only mild or local alteration (Eales and Cawthorn, 1996).  The Complex 
comprises five major limbs, the Western Limb, the Far Western Limb, the 
Northern Limb, the Eastern Limb (all of which outcrop at surface) and the 
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Southeastern or Bethal Limb which is covered by younger sediments (Figure 1.3).  
The Western and Eastern Limbs are the best known, being the most extensive, 
with average strike lengths of ~200 km.  The Northern Limb is partially concealed 
beneath younger rocks of the Waterberg Supergroup, the Far Western Limb is an 
eroded remnant, and the Bethal Limb is only identifiable through a gravity high, 
with its location confirmed by bore-core data (Eales and Cawthorn, 1996).  
 
 
Figure 1.3: Map of the Bushveld Igneous Complex showing the major limbs 
(modified from Kinnaird, 2003). 
 
The BIC intruded into the Transvaal Supergroup with the footwall of different 
limbs comprising different units of the sedimentary sequence.  The floor of the 
Western and Far Western Limbs is composed of Magaliesurg quartzite; the 
Eastern Limb has a floor of Magaliesburg quartzite to the north, and transgresses 
upwards through 2 km of sediments towards the south into the Dullstroom basaltic 
volcanics (Eales and Cawthorn, 1996).  The Northern Limb was intruded into 
Magaliesburg quartzites in the south, and transgresses downwards to the north, 
where the mafic rocks occur adjacent to the Archaean basement.  The Bethal 
Limb was emplaced into Malmani dolomites (Eales and Cawthorn, 1996). 
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The BIC is divided into five zones, the Marginal, Lower (LZ), Critical (CZ), Main 
(MZ), and Upper (UZ) Zones (Eales and Cawthorn, 1996).  Not all of the zones 
are represented in all of the limbs, in particular the Northern Limb, where the 
existence of units from the Critical Zone is yet to be proved north of Mokopane 
(Potgietersus).  Units from the Lower Zone are present south of Mokopane 
(Buchanan et al, 1981; Harris and Chaumba, 2001) and as satellite bodies.  S 
 
The Marginal Zone comprises medium-grained, heterogeneous noritic rocks 
thought to represent composite sills, or the distal facies of evolved magmas from 
within the chamber (Eales and Cawthorn, 1996).  The Lower Zone is variable in 
composition, occurrence and thickness across the BIC.  In the Western Limb the 
LZ is an 800 m thick olivine- and orthopyroxene-rich sequence.  In the Eastern 
Limb, the LZ is divided into four units: basal feldspathic pyroxenite with minor 
harzburgite, lower pyroxenite, harzburgite, and upper pyroxenite (Eales and 
Cawthorn, 1996). 
 
The Critical Zone of the BIC is subdivided into two major sub-zones, the Lower, 
and Upper CZ.  The Lower Critical Zone is comprised of a thick succession of 
orthopyroxene-rich cumulates which overlie the LZ harzburgites.  The Upper 
Critical Zone is made-up of up to eight partial or complete cyclic units.  These 
sequences start from a base of ultramafic cumulates (chromitite, harzburgite, 
pyroxenites) through norite to anorthosite (Eales and Cawthorn, 1996).  There are 
three packages of chromitites in the Critical Zone (CZ): A lower group within 
pyroxenites of the lower CZ, a middle Group straddling the boundary between the 
lower and upper CZ and an upper group within norites and anorthosites of the 
upper CZ.  The Upper Group 2 (UG2) chromitite is one of the world’s largest 
platinum-bearing ore-bodies.  
 
The Merensky Reef (or Merensky Unit) comprises basal chromitite, pyroxenite 
(sometimes with olivine), norite and anorthosite (Eales and Cawthorn, 1996) and 
occurs at the base of the Main Zone. 
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In contrast to the units below it, the Main Zone is a thick succession of cumulates, 
without any olivine or chromium spinel.  It also lacks the fine-scale layering and 
lithological diversity of the lower units.  Minerals which occur as cumulates 
include augite and inverted pigeonite however, pyroxenites are rare and 
anorthosites are confined mainly within two short intervals (Eales and Cawthorn, 
1996).  The boundary between the Main and Upper Zones is marked by the first 
appearance of magnetite according to the S.A.C.S (1980), and by a Pyroxenite 
Marker according to Kruger (1990).  The UZ is well-layered and approximately 
2000 m thick.  The diagnostic feature of this zone is the magnetite layers that 
occur in four clusters.  The zone itself has been divided into three subzones: “a”, 
“b”, and “c”.  Subzone “a” comprises anorthosite and magnetite ferrogabbro.  
Subzone “b” is made-up of anorthosite, trocolite, diorite, and ferrogabbro.  The 
1000 m thick Subzone “c” is composed of olivine diorite, anorthosite, and 
magnetite-rich diorite (Eales and Cawthorn, 1996). 
 
Northern Limb of the Bushveld Complex 
 
The northern limb (Figure 1.4) occurs as a slightly sinuous, north-west striking 
sequence with a length of 110 km and a maximum width of 15 km (Armitage et 
al., 2002; Vennemann and Smith, 1990).  It is generally divided up into three 
different sectors, the Southern, Central and Northern sectors (Figure 1.5).  The 
Southern Sector comprises all of the farms from the town of Mokopane 
northwards to Farm Tweefontein where the footwall is Penge, Duitschland or 
Timeball Hill Formation; the Central Sector runs from, and includes, Farm 
Tweefontein northwards until Farm Zwartfontein with a footwall of Malmani 
dolomite.  The Northern Sector comprises the farms Overysel and Drenthe where 
the footwall is Archaean granite.   
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Figure 1.4: Map of the Northern Limb of the Bushveld Igneous Complex (based 
on Van der Merwe, 1978 and coloured by Ashwal et al, 2005).  
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Figure 1.5: Diagram showing the location of the Southern, Central and Northern 
Sectors of the Northern Limb as well as major farm boundaries. 
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The Northern Limb of the Bushveld Complex differs in several ways from the 
Eastern and Western Limbs.  Previously, not all of the zones of the Bushveld 
Complex were thought to be represented in the northern limb, where the existence 
of units from the Critical Zone was yet to be identified north of Mokopane 
(formerly Potgietersus) and units from the Lower Zone were thought to only be 
present south of Mokopane (Buchanan et al., 1981; Harris and Chaumba, 2001) 
and as satellite bodies.  Current work however indicates that a Lower Zone 
component comprising pyroxenites and harzburgites occurs at the base of the 
succession south of Farm Tweefontein, as well as in satellite bodies (Figure 1.3) 
(Kinnaird et al., 2005).P P  These satellite bodies occur as 7 distinct offshoots, and 
are described as satellite pyroxenites.  These pyroxenites also occur in a zone 
south of Mokopane as the Grasvally Body which is a cyclic succession of 
alternating olivine - orthopyroxene and orthopyroxene cumulates with some 
chromitite layers (van der Merwe, 1978).    
 
Marginal Zone norite also occurs sporadically within the succession on farms 
Macalacaskop 243KR and Turfspruit 241KR.  These sequences are followed by 
the Platreef itself, and it appears that the entire magmatic sequence has an 
onlapping relationship with the floor rocks, with each subsequent magmatic event 
being intruded over a wider area than the previous sequences (Kinnaird, 2005).   
 
The hanging-wall rocks of the Platreef are generally PGE-poor Main Zone 
comprising predominantly gabbronorite and are up to 2000 m in thickness 
(Vennemann and Smith, 1990).   The thickness of the MZ in the northern limb is 
much less than in the Eastern and Western limbs of the Bushveld Complex.  This 
Main Zone is followed by Upper Zone cyclic units of magnetite, magnetite 
gabbro, gabbro and anorthosite, which are approximately 1500 m thick (Ashwal et 
al., 2005).  In the west, the hanging wall includes a variety of Bushveld granites 
and metasedimentary rocks (Kinnaird et al., 2005). 
 
An important feature of the northern limb is that the layered rocks have a 
transgressive relationship with the country rocks of the Transvaal Supergroup i.e. 
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they are younger in the south.  To the south of the town of Mokopane the floor 
rocks comprise Magaliesburg quartzites.  Northwards the floor rocks first 
comprise the Pretoria Group, the banded Iron-Formations and dolomites of the 
Chuniespoort Group, and finally the Archaean granites (Harris and Chaumba, 
2001). The entire layered sequence pinches out to the north (Buchanan et al., 
1981; Harris and Chaumba, 2001; Vennemann and Smith, 1990). 
 
General Geology of the Platreef: 
 
The Platreef, which is the major PGE bearing layer of the northern limb, occurs at 
the base of the layered rocks.  The Platreef comprises a complex series of 
medium- to coarse-grained pyroxenites and norites that contains xenoliths of the 
floor rocks (Gain and Mostert, 1982).  More recently it has been defined as “the 
lithologically variable unit, dominated by pyroxenite, which is irregularly 
mineralised with PGE, Cu and Ni, between the Transvaal metasedimentary 
footwall or Archaean basement and the overlying Main Zone gabbronorite” 
(Kinnaird, 2004) whilst Kinnaird and MacDonald (2005) define it as “mafic units 
enriched in Ni–Cu–PGE that occur between the Archaean granite–gneiss 
basement or the Transvaal Supergroup and the gabbros and gabbronorites of the 
Main Zone, north of the Planknek Fault”.  It is observed as being a highly 
inhomogeneous body, comprising different rock types including pyroxenites, 
para-pyroxenites, feldspathic pyroxenites (pyroxenites with >10% interstitial 
plagioclase), serpentinites, gabbronorites and norites.  It should also be noted that 
Platreef and its floor rocks have been extensively faulted along its entire strike 
length (Figure 1.3).  The Platreef itself, has been equated with the Critical Zone, 
and specifically the Merensky Reef, of the Bushveld Complex proper (Wagner, 
1929; White, 1994), although other authors have regarded the Platreef as the base 
of the Main Zone (Van der Merwe, 1976; Kruger, 2005).  
 
The Platreef also contains xenoliths of altered footwall, which vary depending on 
the footwall; however the composition of these rafts is not always the same as the 
direct footwall.  For example, the hornfels rafts within the Platreef; where there is 
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a Duitschland Formation footwall of dolomitic marble; have a mineral 
composition of aluminous cordierite-spinel hornfels.  These rafts comprise mainly 
cordierite, with disseminated green spinel, and accessory corundum, sillimanite 
and andalusite, which indicates a high temperature metamorphism of a shale 
protolith.  Another example is the occurrence of calc-silicate rafts in the Northern 
Sector of the Platreef on Farm Drenthe, where the direct footwall is Archaean 
granite. 
 
In the southern sector of the Platreef, three or four feldspathic pyroxenites are 
separated by interlayers which include cordierite spinel hornfels, clinopyroxenites, 
calc-silicates, serpentinites (of both meta-sedimentary and igneous origin) and 
pyroxenites (Kinnaird, 2005).  Hornfels layers which were originally pyritic black 
shales are predominant and at one point a major hornfels layer can be traced for 
1500 m along strike.  There are also minor occurrences of clinopyroxenite 
xenoliths, which are calc-silicate skarns.  On farm Macalacaskop metaquartzite 
xenoliths are observed.  These are very fine-grained with relict bedding defined 
by fine sulphides along the original bedding planes (Kinnaird, 2005).  All of these 
xenoliths have been highly metamorphosed. 
 
In general the geology of the northern sector of the Platreef comprises a complex 
package of norites, melanorites, pyroxenites, serpentinites and xenoliths of 
dolomite (Gain and Mostert, 1982).  On the farm Drenthe the Platreef is an 
approximately 250 m thick package between the base of the Main Zone and the 
Archaean granites that comprise the floor (Gain and Mostert, 1982).  At the base 
of the package is a feldspathic pyroxenite that has been chilled against the floor, 
which occasionally contains fragments of the footwall granite.  This is followed 
by a sequence of norites and melanorites capped by a pyroxenite, all of which 
commonly contain calc-silicate xenoliths.  These calc-silicate xenoliths have a 
high-temperature metamorphic assemblage, and are associated with extensive 
zones of alteration in the surrounding rocks (Gain and Mostert, 1982). 
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Aims and Objectives 
 
This project aims to make a comprehensive study to extend the preliminary work 
presented by Sharman-Harris (2004) and to confirm the role of localised 
contamination of the Platreef by footwall material.  This project has also 
examined the different possible sources of external sulphur for the Platreef and to 
incorporate this into current understanding of the formation of the Northern Limb.   
 
Several cores from the southern Platreef, as well as cores from the northern 
Platreef were sampled.  These samples were used to conduct a detailed 
petrographic study of the sulphides in different areas of the Northern Limb.  The 
sulphides in these cores were also examined using an electron microprobe to 
further determine their composition.  This will help to identify different styles and 
possibly generations of sulphides in the Platreef.  A detailed study of the footwall 
of these cores was also conducted through detailed core logging and petrographic 
analysis. 
 
These samples were also used to conduct detailed sulphur isotope analyses at 
Royal Holloway University of London and at the iThemba Environmental 
Laboratory, multiple sulphur isotope analyses at the University of Maryland and 
oxygen isotope analyses at the University of Cape Town.  Data from this study 
will contribute to the assessment of the role of contamination in the Northern 
Limb, and to what extent it occurs.   Sulphur isotopes were used to examine the 
variations in sources of sulphur both with depth, as well as within different 
generations of sulphides.  Multiple sulphur isotopes were used to confirm the 
origin of the sulphur within sulphides in the Platreef, and to possibly correlate the 
source of sulphur to specific stratigraphic units within the Transvaal Supergroup.  
Oxygen isotopes were used as a further correlation of the possible presence of 
crustal contamination within the Platreef and compare with data from Harris and 
Chaumba (2001). 
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CHAPTER 2 
 PETROGRAPHY 
 
Introduction 
 
Six cores were examined and sampled for this project; four were taken from farms 
in the southern Platreef, and two were taken from the northern sector of the 
Platreef.  Core ARF-08 comes from Farm Rietfontein, cores ATS-046 and ATS-
057 from Farm Turfspruit, and core AMK-021 is from Farm Macalacaskop.  The 
location of the boreholes is shown in Figure 2.1.  Cores PR-174 and PR-175 both 
come from Farm Drenthe in the north (Figure 1.4 and 2.2). 
 
 
Figure 2.1: Map showing locations of boreholes from the southern sector of the 
Platreef that were sampled for this study. 
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Figure 2.2: Map showing locations of boreholes from the northern sector of the 
Platreef (Farm Drenthe) that were sampled for this study. 
 
Each core was sampled for a specific purpose in this study i.e. to reflect different 
footwall lithologies.    Cores ATS-046 and ATS-057 were chosen as they had a 
footwall comprising altered dolomite of the Duitschland Formation, and were 
sampled to provide sulphide mineralisation and sulphur isotope data for the area 
of the Platreef with a Duitschland Formation footwall.  Core AMK-021 was 
sampled in order to examine the variation of sulphide mineralisation and sulphur 
isotope values with a variation in footwall.  The footwall of this core comprises 
quartzite of the Timeball Hill Formation.  Core ARF-08 was also studied and 
sampled.  It was chosen because it is particularly rich in sulphides, and the 
footwall of this core is also dolomite from the Duitschland Formation.   
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Cores PR-174 and PR-175 from the northern sector both have a footwall of 
Archaean granite, which is markedly different from the footwall lithologies of the 
cores from the southern sector of the Platreef.  This pair of cores was chosen as 
they are relatively close together however core PR-175 has altered dolomite rafts 
within it, whereas PR-174 is free of sedimentary xenoliths. 
 
Core Logs 
 
ATS-046  
This core from Farm Turfspruit is approximately 500 m long and has a footwall of 
serpentinised dolomite (Figure 2.3).  The base of the sequence  comprises ~90 m 
of feldspathic pyroxenite (Figure 2.3 and 2.4)) followed upwards by 100 m of 
serpentinised peridotite with occasional layers of feldspathic pyroxenite up to 8 m 
thick (Figure 2.4).  This is succeeded by an ~45 m thick package of Marginal 
Zone norites and a ~20 m thick hornfels xenolith.  Following this is a feldspathic 
pyroxenite ~200 m thick with layers of pegmatoidal gabbronorite, quartz-feldspar 
veins, melanorites, serpentinised peridotites, and dolomite (Figure 2.4).  The 
pyroxenite varies texturally from being medium-grained, to locally pegmatoidal.  
There is approximately 14 m of weathered material at the top of the core.  
 
 ATS-057 
This core is similar to ATS-046, and also has a footwall of altered dolomite.  The 
core is approximately 360 m in thickness, and is dominated by feldspathic 
pyroxenite (Figure 2.5).  The bottom of the intrusive package is marked by 
interlayered feldpathic pyroxenite and hornfels.  This is followed by 30 m of 
hornfels with norites, and 20 m of serpentinite;  followed by 200 m of feldspathic 
pyroxenite interlayered with pegmatoidal feldspathic pyroxenites and 
gabbronorites,  pyroxenites, serpentinites, melanorites and cross-cut by quartzo-
feldspathic veins (Figure 2.5).  The top of the core comprises approximately 40 m 
of gabbronorite and mottled anorthosite, with the top one metre comprising 
weathered material. See Appendices I and II for more detailed sample and thin 
section descriptions. 
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Figure 2.3: Examples of different lithologies from core ATS-046.  A – 
Pegmatoidal Norite (60.34 m depth), B – Feldspathic Pyroxenite (383.38 m 
depth), C – Pyroxenite (461.21 m depth), D – Serpentinised Dolomite (469.38 m 
depth). 
 
Soil
Hornfels
Dolomite / Calc-Silicate
Quartzite
Granite
Quartz - Feldspar Vein
Mottled Anorthosite
Massive Sulphide
Serpentinite
Pegmatoidal Pyroxenite
Pyroxenite
Pegmatoidal Feldspathic
Pyroxenite
Feldspathic Pyroxenite
Leuco-Norite
Norite
Mela-Norite
Gabbronorite
Pegmatoidal
Gabbronorite
LEGEND FOR CORE LOGS
 
Note: All core logs show depths in metres. 
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Figure 2.4: Stratigraphic log of ATS-046 
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Figure 2.5: Stratigraphic log of ATS-057 
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AMK-021 
The footwall of this core from Farm Macalacaskop comprises quartzites from the 
Timeball Formation (Figure 2.6). The floor rocks are intruded by thin sills of 
pyroxenite and feldspathic pyroxenite.  The succeeding 300 m of core is 
predominantly feldspathic pyroxenite (Figure 2.6) which is pegmatoidal in places 
(Figure 2.7).  This pyroxenite package includes a ~35 m thick dolomite xenolith, 
with associated serpentinite and gabbronorite, at ~340 m depth (Figure 2.7).  This 
feldspathic pyroxenite unit also includes layers of melanorite, serpentinite (Figure 
2.6), and norite of variable thickness.  This package is topped by ~50 m of mottled 
anorthosite, followed by ~40 m of gabbronorite, which mark the top of the core 
(Figure 2.7).  See Appendix III for detailed samples descriptions. 
 
 
Figure 2.6: Typical lithologies from core AMK-021.  A – Feldspathic Pyroxenite 
(90.25 m depth), B – Serpentinite (222.06 m depth), C – Pyroxenite (232.62 m 
depth), D – Timeball Hill Quartzite (393.33 m depth).  
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Figure 2.7: Stratigraphic log of AMK-021 
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ARF-08 
This core, taken from Farm Rietfontein, is approximately 160 m thick, and has a 
footwall of dolomite (Figure 2.8).  Above the footwall is a granite sill, which is 
followed by a ~10 m thick footwall xenolith of cordierite-spinel hornfels, and then 
a ~10 m thick layer of norite (Figure 2.9).  At ~124 m depth, directly above the 
norite there is a 50 cm thick massive sulphide layer (Figure 2.8). This is 
succeeded by a 60 m thick, medium-grained gabbronorite (Figure 2.8), which 
contains layers of altered footwall, pegmatoidal gabbronorite, and granitic veins 
(Figure 2.9).  The gabbronorite then becomes fine-grained for ~45 m and contains 
several footwall xenoliths ranging from ~60 cm to ~7 m in thickness.  The top 25 
m of the core consists of weathered regolith and broken core (Figure 2.9). 
 
 
                
            A                            B                                 C                                 D 
Figure 2.8: Typical lithologies from core ARF-08.  A-Hornfels (ARF08/35.47), B-
Gabbronorite (ARF08/53.39), C-Massive Sulphide (ARF08/123.26), and D-
Marble-Skarn (ARF08/152.44). 
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Figure 2.9: Stratigraphic log of ARF-08 
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PR-174 
This core is 320m thick and is dominated by feldspathic pyroxenites, which vary 
from fine-grained to pegmatoidal (Figure 2.10).  The pegmatoidal feldspathic 
pyroxenites are concentrated in the top 100 m of the core.  The mafic package is 
intruded by norites, varying in thickness from 5 to 30 m (Figure 2.10).  The end of 
the core does not extend into footwall.  The core was chosen for the lack of 
dolomite xenoliths as a comparison to core PR-175. 
 
PR-175 
This core is 350 m in thickness and is also dominated by feldspathic pyroxenites 
(Figure 2.11).  These feldspathic pyroxenites vary in grain size from medium to 
coarse grained.  The feldspathic pyroxenites are interrupted by norites throughout 
the package, which vary in thickness from 5 to 25 m (Figure 2.11).  There are also 
two altered dolomites within the sequence (Figure 2.11), the first occurs at 
approximately 20 m depth, and is ~5 m in thickness .  The second is 25 m thick, 
and occurs from ~ 180 – 200 m depth.  As with PR-174, the footwall is not 
intercepted in this core. 
 
As the main focus of this study is the sulphide mineralisation of the Platreef, the 
style and distribution of sulphide minerals in these cores was examined in greater 
detail.   
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Figure 2.10: Stratigraphic log of PR-174 
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Figure 2.11: Stratigraphic log of PR-175 
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CHAPTER THREE  
SULPHIDE MINERALOGY 
 
Introduction 
 
A detailed study of the sulphide mineralisation of cores ATS-046, ATS-057, 
AMK-21, PR-174 and PR-175 was conducted in order to identify different types 
and zones of sulphide mineralisation.  Footwall and vein material were also 
examined for sulphide and sulphate occurrences.  This was done through hand 
sample, polished block, and thin section descriptions, as well as through detailed 
core logging.  The identification of these different sulphides not only allows for an 
understanding of their formation, but also aided in selection of samples for 
subsequent isotopic analysis. 
 
Sulphide Mineralisation Theory and Concepts 
 
Sulphide mineralisation occurs in a magma when that magma reaches sulphur 
saturation.  This can occur in several ways, but the two main mechanisms for 
sulphur saturation are the addition of sulphur from an external source, or the 
felsification of a mafic magma (Naldrett, 2004).  The quantity of sulphide 
minerals that forms is directly related to the percentage of sulphur within the 
system itself i.e. the larger the amount of sulphur in the magma, the more 
sulphides will form. 
 
Once a sulphide liquid has formed, due to liquid immiscibility, it cools relatively 
slowly, and this cooling occurs in two phases (Naldrett, 2004).  The first phase is 
termed monosulphide solid solution (mss) and is characterised by the formation of 
nickel-rich pyrrhotites.  This phase usually starts at between 1160 and 1120 °C, 
and will continue until approximately 850 °C, when pentlandite begins to exsolve.  
During this first phase of crystallisation the remnant sulphide liquid becomes 
enriched in nickel and copper.  This remnant liquid is termed intermediate solid 
solution (iss).  The beginning of the second stage is marked by the first 
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appearance of pentlandite, which then causes the remnant liquid to become a 
copper-rich monosulphide solid solution.  Subsequent cooling then leads to the 
formation of chalcopyrite.  Because the iss is liquid while pyrrhotite is forming, it 
can move away from the pyrrhotite.  It is therefore generally not unusual to have 
some areas of a deposit rich in pyrrhotite, and other areas being rich in 
chalcopyrite and pentlandite.  Equally it is common to see pyrrhotite grains with 
pentlandite and chalcopyrite occurring as rims.  This sequence of formation aids 
in interpreting sulphide deposits, as areas rich in pyrrhotite have probably formed 
at higher temperatures, and areas rich in chalcopyrite and pentlandite have formed 
at lower temperatures. 
 
Sulphide Mineralisation of the Platreef 
 
The base- and precious- metal mineralisation of the Platreef is unevenly 
distributed, and occurs over a zone that is up to 400 m thick.  In the southern 
sector, sulphide minerals occur throughout the succession.  They comprise < 1% 
to >25% (mode and occasionally to 45% over short intersections of core.  
Generally, these occur as centimetre to millimetre-sized blebs and interstitial 
grains of pentlandite, pyrrhotite and chalcopyrite.  A wide range of accessory 
minerals are also present including sphalerite, galena, molybdenite, pyrite, 
chalcocite, and covellite among others.  Where present, zones of massive 
sulphides rich in chalcopyrite are found close to the footwall contact.  More 
compositionally complex sulphides are associated with felsic melt phases that 
pervasively infiltrate the package soon after its partial or complete crystallization 
(Hutchinson and Kinnaird, 2005).  There is a close correlation between Cu and Ni 
concentrations but a poor correlation between PGE and base metal contents.  Thus 
high Cu+Ni values do not necessarily indicate high PGE grade, although the 
highest PGE grades are located within sulphide-rich zones towards the floor 
(Hutchinson and Kinnaird, 2005).  Sulphides are also concentrated towards the 
footwall on Farm Tweefontein but further north, the abundance of sulphides is 
dramatically reduced. 
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The sulphides studied for this research within the Platreef usually occur as a 
combination of pyrrhotite, pentlandite, chalcopyrite and occasionally pyrite, 
sphalerite and bornite, and exist as several different styles or phases of 
mineralisation.  In many cores, massive sulphides are up to several metres in 
thickness, and often contain an assemblage of sulphide minerals (Figure 3.1a).   
Typically these massive sulphides are dominated by pyrrhotite.  Chalcopyrite 
usually occurs around the rims of the pyrrhotite, and has pentlandite associated 
with it.  Pentlandite also occurs as veins up to 2 mm thick, and as exsolution 
lamellae within the pyrrhotite (Figure 3.2a).  More rarely the massive sulphides 
are dominated by chalcopyrite, which have pyrrhotite veins running through them.   
 
 
Figure 3.1: Diagram showing different types of sulphide mineralisation in the 
Platreef. A – Massive sulphide showing pyrrhotite, pentlandite and chalcopyrite 
(ATS46/61.05).  B – Net-textured sulphides, dominated by pyrrhotite (ATS46/154.55).  
C – Fine-grained, interstitial sulphides (ATS46/461.03).  D – Blebby sulphide, 
dominated by pyrrhotite with minor pentlandite and chalcopyrite (ATS46/383.23).  
Photos taken in natural light, each block is 25 x 25 mm.  Note: pent – pentlandite, 
pyrr – pyrrhotite, chalc – chalcopyrite. 
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Figure 3.2: Electron Microprobe images of various sulphides from the southern 
sector of the Platreef.  A – Portion of a massive sulphide showing the relationship 
between pyrrhotite and pentlandite including veins and exsolution lamellae of 
pentlandite (AMK21/125.76). B – Fine-grained interstitial sulphide grain 
(AMK21/222.06). C – Coarse-grained sulphide bleb showing complex mineralogy 
(ATS57/72.48). D – Cubic pyrrhotite grains within footwall calc-silicate 
(ATS57/335.07).  Note: pent – pentlandite, pyrr – pyrrhotite, mag – magnetite, chalc 
– chalcopyrite, sph – sphalerite. 
 
Associated with massive sulphides, and often within serpentinites are ‘net-
textured’ sulphides that occur as a matrix to the silicate minerals, with samples 
having 50-80 modal percent sulphides (Figure 3.1b).  ‘Net-textured’ sulphides are 
dominated by pyrrhotite, with minor chalcopyrite and pentlandite. 
 
Fine- to medium-grained disseminated sulphides typically 1 to 4 mm in size are 
common in the finer-grained lithologies of the Platreef, and are often interstitial.  
These are often associated with interstitial quartz-feldspar symplectites.  These 
sulphides have a different modal mineralogy than that of the massive or ‘net-
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textured’ sulphides.  They usually comprise approximately 50% pentlandite, 40% 
chalcopyrite, as well as pyrrhotite and occasional bornite and magnetite (Figure 
3.1c, 3.2b).   
 
‘Blebby’ sulphides also occur commonly ranging in size from 3 to 25 mm, and 
contain a similar combination of sulphide minerals to that of the interstitial 
sulphides.  These blebby sulphides are often observed as pyrrhotite with 
chalcopyrite rims (Figure 3.1d), and can contain other accessory sulphides such as 
sphalerite (Figure 3.2c).   
 
Sulphides also occur within the metamorphosed footwall of the Platreef, 
particularly within calc-silicates, but also occasionally within cordierite spinel 
hornfels.  Typically these sulphides are cubic pyrite, but pyrrhotite has also been 
observed (Figure 3.2d), also sometimes occurring in a cubic form which may be 
due to the conversion of pyrite to pyrrhotite during the metamorphism of the 
footwall.   
 
Sulphide mineralisation also occurs around calc-silicate rafts within the Main 
Zone of the northern limb, especially in the northern sector of the Platreef, and 
shows a similar Platreef-style mineralisation. 
 
Core ATS-046 
 
This core has a relatively high percentage of sulphides through its entire length.  
In general the sulphides are fine-grained and interstitial, and are dominated by 
pyrrhotite (Figure 3.3, 3.4).  Pyrrhotite occurs within the calc-silicate footwall of 
the core, which has a remnant cubic shape, and has probably been altered from 
pyrite.  See Appendix IV for full sample descriptions.  Following this is a zone of 
medium to coarse-grained blebby sulphides within feldspathic pyroxenites (Figure 
3.5).   Within a serpentinised zone which occurs from ~260 – 370 m there are 
generally net-textured sulphides (Figure 3.5).  There is a zone at ~60 m depth 
within a pegmatoidal feldspathic pyroxenite (Figure 3.5) which comprises very 
coarse-grained to massive sulphides, which clearly show pyrrhotite, chalcopyrite 
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and pentlandite.  In general sulphides within the core become more enriched in 
chalcopyrite and pentlandite, and depleted in pyrrhotite, closer to the footwall.  
Concentrations of sulphides are generally associated with the presence of hornfels 
rafts, some of which contain sulphides themselves.     
 
 
Figure 3.3: Photograph of polished blocks from core ATS-046 taken in natural 
light (from D. Hutchinson). 
 
 
Figure 3.4: Photograph taken in natural light of polished blocks from core ATS-
046 (from D. Hutchinson). 
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Figure 3.5:  Core log of core ATS-046 with sulphur concentrations in weight % 
from whole rock analysis and main sulphide interval textures. 
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Core ATS-057 
 
The sulphides in ATS-057 are concentrated in the lower half of the core 
predominantly within feldspathic pyroxenites, with a large concentration 
occurring just above a thick hornfels raft at ~260 m (Figure 3.6).  This 
concentration of sulphides is predominantly massive and net-textured sulphides, 
which are dominated by pyrrhotite (Figure 3.7).  Several samples from the top 100 
m of core are almost 100% chalcopyrite, and there is a 30 m thick zone occurring 
at ~150 m which contains sulphides which are dominated by pentlandite (Figure 
3.7).  The altered dolomite footwall contains disseminated grains of cubic pyrite, 
as well as pyrrhotite.  Appendix IV comprises detailed sample descriptions. 
 
 
Figure 3.7: Image showing polished blocks of samples from ATS-057. 
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Figure 3.6:  Core log of core ATS-057 with whole rock sulphur concentrations 
(wt%) and main sulphide textures plotted with depth. 
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Core AMK-021 
 
This core has relatively low concentrations of sulphides, and they are 
predominantly fine-grained and interstitial and usually occur within feldspathic 
pyroxenites, although occasional blebs of sulphide occur.  The sulphides are 
dominated by pyrrhotite, with pentlandite and chalcopyrite occurring around the 
rims.  However, one sample is chalcopyrite dominated blebby sulphide, with a 
cross-cutting vein of pyrrhotite.  See Figure 3.8 for images of all samples from 
AMK-021.  See Appendix IV for a detailed description of all sulphide samples. 
 
 
Figure 3.8:  Photograph of polished blocks from AMK-021. 
 
 Core PR-174 
 
The sulphide mineralisation in the core can be divided into several different zones, 
with no zone exceeding 25 m in thickness.  Sulphides dominantly occur in norites, 
although mineralisation is also seen with feldspathic pyroxenites (Figure 3.9).  All 
of the zones are dominated by pyrrhotite, with pentlandite and chalcopyrite 
occurring as rims to the pyrrhotite.  Rarely zones occur where chalcopyrite forms 
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blebs, without associated pentlandite or pyrrhotite.  The percentage of sulphides 
within the core decreases dramatically with depth.  The bottom half of the core is 
dominated by blebby sulphides, whereas the top half of the core also contains 
fine-grained interstitial sulphides.  See Appendix V for a detailed description of 
the sulphide zones. 
 
 
Figure 3.9:  Core log of core PR-174 with sulphur content (wt %) and main 
sulphide textures plotted with depth. 
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Core PR-175 
 
As with PR-174, this core from the northern sector has several discrete sulphide 
zones.  In general, the percentage of sulphides in the top half of the core is 
markedly higher than in the lower half of the core (Figure 3.10).  The sulphides 
occur more frequently within the feldspathic pyroxenites, although they do also 
occur within norites (Figure 3.10).  The sulphides are dominated by pyrrhotite, 
with pentlandite and chalcopyrite occurring as accessory minerals on the rims of 
the pyrrhotite grains.  The sulphides occur as either interstitial or blebby sulphides, 
and are generally fine-grained.  See Appendix V for a detailed description of the 
sulphide zones. 
 
 
Figure 3.10: Core log of core PR-175 with sulphur content in weight percent and 
main sulphide intervals plotted with depth. 
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Duitschland Formation  
 
Several samples containing sulphides were collected from Farm Duitschland.  
DL1 comprises a dolomite, which contains a thin vein of chalcopyrite and bornite, 
which appears to be secondary.  DL2 and DL3 are both fine-grained shales from 
the Lower Duitschland Formation, which contain nodular pyrite (1 – 4 mm) that 
has formed along bedding planes (Figure 3.11). 
 
 
Figure 3.11: Photograph of nodular pyrite within a shale from the Lower 
Duitschland Formation (from P. Nex). 
 
Vein Material 
 
Veins of varying composition occur throughout the Platreef, and various types 
were sampled.  Several anhydrite veins from the central sector of the Platreef were 
collected (TN75, VK75-305) and comprised 100% anhydrite.  Galena was also 
collected from a quartz-feldspar vein (ZN396 – 214.4) (Figure 3.12).  Calcite 
crystals were collected which contain crystalline chalcopyrite occuring along 
crystal planes.  Finally a quartz-calcite vein (PRS17) (Figure 3.13) containing 
crystalline sphalerite, chalcopyrite and galena was sampled.  These veins are all 
confined within but cross-cut the Platreef package. 
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Figure 3.12: Photograph of sample ZN396-214.4 showing galena associated with 
a quartz-feldspar vein (from P. Nex). 
 
 
Figure 3.13: Photograph of sample PRS-17, a quartz-calcite vein with 
chalcopyrite, galena and sphalerite (from P. Nex). 
 
Discussion 
 
It is clear from this study and previous work (Hutchinson and Kinnaird, 2005; 
Armitage et al., 2002) that sulphides are abundant in the southern sector, but very 
minor in the central and northern sectors of the Platreef.  Since footwall rocks in 
these different sectors vary with sulphide-bearing Duitschland Formation 
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comprising the dominant footwall in the southern sector, dolomites of the 
Malmani Subgroup comprising the central sector footwall, and the northern sector 
footwall comprising Archaean granites, it was thought that this may be a 
controlling factor in the distribution of sulphide mineralisation.  Particularly it was 
thought that the sulphide abundances in the southern sector may be due to a 
contribution of sulphur from footwall pyrite in Duitschland Formation shales or 
from anhydrite in Duitschland Formation dolomites.  Sulphur isotope studies were 
therefore undertaken on sulphides and sulphates from different footwall 
lithologies, from throughout the Platreef and from metasedimentary xenoliths and 
vein material from various lithologies of the Platreef package in order to test this 
hypothesis. 
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CHAPTER FOUR 
SULPHUR ISOTOPE ANALYSES 
 
Introduction 
 
Sulphur isotopes are a complex, but powerful tool in the determination of the 
genesis of ore deposits (White, 2001).  For this study, sulphide samples were 
collected from cores ATS-046, ATS-057, AMK-021, PR-174 and PR-175 to 
compare δ34S values of sulphides from cores with different footwall rocks, as well 
as to examine possible variations through stratigraphy.  The sulphide-bearing 
samples included pyrrhotite, pentlandite and chalcopyrite which occur as co-
existing sulphides. Samples of bornite and pyrite were also collected from the 
sulphide bearing horizons on Farm Duitschland, as well as anhydrites and 
associated galena from cores on Farm Tweefontein.  Sulphides from vein material 
were also analysed.  All of these samples were collected in order to obtain δ34S 
values for a variety of footwall materials that may have been the source of sulphur 
within the Platreef.  Samples were analysed at Royal Holloway, University of 
London in the United Kingdom as well as at the iThemba Laboratories in South 
Africa.  Repeats of samples were included in each set of analyses as an internal 
standard. 
 
Sulphur Isotope Theory and Concepts 
 
Sulphur exists as four stable isotopes, 32S, 33S, 34S, and 36S, with 32S having the 
highest abundance (95.02%), followed by 34S (4.21%), 33S (0.75%) and with 36S 
being the least abundant (0.02%) (Rollinson, 1993).  The ratio between the two 
most abundant isotopes is used in geochemistry, as they are easier to measure and 
hence allow for more precision.  In geochemistry, the isotopic composition of 
sulphur is recorded as δ34S, and is presented as parts per thousand relative to a 
standard (Brownlow, 1996).  The standard used is the Cañon Diablo Troilite 
(CDT) taken from an iron meteorite.  The δ34S values are calculated as follows: 
δ34S ‰ = [(34S/32S (sample) – 34S/32S (standard)) / (34S/32S (standard))] x 1000. 
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In addition, sulphur can form four different valences (-2, 0, +4, and +6).  Each of 
these valence states can form a variety of compounds, and equilibrium isotopic 
fractionations can occur between different valence states, and between compounds 
with sulphur of the same valence states (Rollinson, 1993). 
 
Sulphide and sulphate minerals have different δ34S values, depending on the 
processes which provided the sulphur.  There are two main reservoirs of sulphur 
on the Earth, each of which has uniform sulphur isotope values; the first is the 
mantle, which has a δ34S of approximately zero compared to meteoritic values, 
and modern sea water which has a δ34S of approximately +20‰ (Rollinson, 
1993).  Sulphur from different sources can be characterised by their range of δ34S 
values (Figure 4.1). Thus sulphide or sulphate minerals will have a specific range 
of δ34S values depending on the processes which lead to their formation.  
Therefore, by measuring the δ34S values for particular minerals in a suite of rocks, 
the origin of the sulphur in these rocks may be indicated.  
 
 
Figure 4.1: δ34S values for a variety of geological materials (after Rollinson, 
1993). 
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Previous Work 
 
The first sulphur isotope analyses conducted on the northern limb was by 
Liebenberg (1968).  He recorded two δ34S values for the farm Zwartfontein 
818LR, both of which had approximately magmatic values of +0.7‰ for a calc-
silicate and +1.9‰ from a pegmatoidal norite (Figure 4.2).  Hulbert (1983) 
presented data from Lower Zone pyroxenites and chromitites south of Mokopane, 
as well as pyroxenites, chromitites and anorthosites from the Critical Zone.  These 
yielded δ34S values from +0.96‰ to +7.54‰ (Figure 4.2).  He also analysed two 
samples of Upper Zone material from the northern sector of the Platreef on farm 
Molendraai, which also had δ34S values of approximately +2‰ (Figure 4.2).  
Hulbert interpreted this data as indicating that the majority of sulphur associated 
with sulphides was of mantle origin.  Elevated δ34S values were ascribed to an 
increased fo2 which the author proposed was due to the release of volatiles from 
sedimentary material. 
 
The majority of the sulphur isotope data available for the Platreef itself was 
presented by Buchanan et al. (1981) and Buchanan and Rouse (1984) and was for 
a variety of sulphide samples taken from farms Tweefontein and Turfspruit 
(Figure 4.2).  These samples indicated δ34S values in pyrrhotite of +6‰ to +9‰, 
which they suggested might have originated from contamination by anhydrite 
within the Malmani Dolomite (Buchanan et al. 1981).  Sulphides from graphite 
layers on Farm Turfspruit yielded values of -2.42‰ to +2.0‰ (Buchanan and 
Rouse, 1984).  From this data the authors proposed that the sulphides within the 
Platreef were enriched in δ34S by the melting of anhydrite when rafts of the 
Malmani Dolomite were assimilated into the Platreef magma.  This enrichment of 
sulphur then allowed for the precipitation of an immiscible sulphide liquid 
(Buchanan et al, 1981).   
 
Manyeruke et al. (2005) examined samples taken from a core on farm Townlands 
(Figure 4.2), and identified three different units separated by hornfels rafts, which 
they called the Upper, Middle and Lower Platreef.  Sulphur isotope values from 
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this core indicated that the Upper and Lower Platreefs had elevated δ34S values of 
~ +8‰, whereas the Middle Platreef had δ34S values of ~ +4‰.  These elevated 
values were also attributed to the addition of sulphur of crustal origin. 
 
 
Figure 4.2: Histograms showing all previous sulphur isotope analyses of sulphide 
minerals vs. number of analyses for the northern limb of the Bushveld Complex.  
Data from Buchanan et al. (1981), Buchanan and Rouse (1984), Hulbert (1983), 
Liebenberg (1968), and Manyeruke (2003).  Note:  For location of farms see 
Figure 4.10.  Graphite and magnetite refer to the dominant mineralogy of the host 
rock rather than minerals analysed.  Scale on each diagram is different. 
 
Li et al. (2002) examined sulphur isotope variations for the Uitkomst Complex, 
which is considered to be a satellite body of the eastern Bushveld Complex.  In 
the unmineralised lithologies of the complex, as well as the basal gabbro, δ34S 
values are recorded as being close to magmatic (-0.9‰ to +2.6‰).  However, in 
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the sulphide-bearing harzburgites, the δ34S values indicated a contribution of 
crustal sulphur (-2.6‰ to -7.1‰), which the authors proposed was probably from 
either the Malmani Subgroup or the Timeball Hill Formation. 
 
Cameron (1982) investigated sulphur isotope variations for the Transvaal 
Supergroup, specifically for the Timeball Hill shale, Penge Iron Formation, the 
Malmani Subgroup, and the Black Reef Quartzite.  The Timeball Hill Formation 
yielded δ34S values of -12‰ to -18‰, and the Penge Formation has δ34S values of 
-3‰ to -6‰.  Pyrite-bearing shales from the Malmani Subgroup showed some 
variations, with the upper three-quarters yielding δ34S values of 0‰ to -8‰, and 
the lower quarter yielding values of +3‰ to +10‰.  Pyrite in quartzites of the 
Black Reef Formation gave δ34S values of approximately +3‰. 
 
Methodology 
 
Sulphides for this study were collected through a vertical Platreef profile of 450 m 
and from sulphide-bearing footwall lithologies.  Samples in the southern sector of 
the Platreef were chosen from selected cores on Farms Macalacaskop (AMK021), 
Turfspruit (ATS046, ATS057, ITS033) and Rietfontein (ARF08).  In the northern 
sector of the Platreef two cores were chosen from Farm Drenthe (PR174 and 
PR175).  These cores had footwall of sulphur-poor Archaean granite, and one core 
contained xenoliths of calc-silicate (PR175).  Sulphides from the Platreef in both 
the southern and northern sectors were collected systematically from top to 
bottom and included disseminated, blebby, net-textured and massive ore together 
with sulphides from hornfels and calc-silicate xenoliths.  Samples were also 
collected from several footwall lithologies of the Platreef including pyritic shales 
and sulphide-bearing dolomite from the Duitschland Formation, anhydrite veins 
from cores from the central sector of the Platreef, and a variety of late-stage vein 
material including a chalcopyrite-bearing calcite vein, and a quartz-calcite vein 
containing chalcopyrite, sphalerite and galena.  Chosen samples were either 
crushed or prepared into polished blocks. 
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Samples that were crushed were then milled, and sieved to -125 + 90 microns in 
size.  These fractions were then washed and dried to remove any very fine 
material. Samples were also cleaned of any heavily magnetic minerals (i.e. 
magnetite or pyrrhotite) using a hand magnet, then separated according to 
magnetic susceptibility on a Frantz Isodynamic Separator using various 
amperages. Separates were then further cleaned to remove any remaining silicates 
using heavy liquid separation (bromoform) resulting in pure sulphide fractions.   
 
In the case of the samples from the northern sector, there were little or no 
sulphides in the sieved fraction used for separation.  It was decided therefore to 
analyses the sulphur isotopes using bulk sample analysis.  The finest sieved 
fraction (<90 microns) was used for analysis on the basis that sulphides have a 
lower hardness than silicates and are therefore more likely to be in the finest 
milled fraction than in coarser fractions.   
 
For samples in the southern sector where it was not possible to separate out pure 
sulphides, mineral separates were extracted by microdrill (Figure 4.3) from 
polished blocks at University College London.  This drill allows for the extraction 
of mineral separates on a small scale as its tip is approximately 50 µm in diameter.  
Different sulphides within polished blocks were targeted and extracted using a 
variety of drilling methods.  One method involved drilling a grid of holes at 150 
µm depth at a spacing of 300 µm, followed by an identical grid of holes at 300 
µm, and another at 500 µm if further material was required.  The spacing of the 
hole was small enough that it created fracturing, removing the sulphide phase 
between the holes.  The second method of extracting sulphides from the polished 
block involved drilling a line raster with a 200 µm spacing at a depth of 150 µm, 
followed by one at a depth of 300 µm, and one at 500 µm – again if further 
material was required. 
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Figure 4.3: Photograph of the microdrill used for extracting sulphide minerals, as 
well as a polished block. 
 
Sulphur isotopes analyses were conducted on pyrrhotite, pentlandite and 
chalcopyrite mineral separates from the Platreef, pyrrhotite and pyrite from 
hornfels and calc-silicates within cores, and on bulk samples from the northern 
sector of the Platreef.  Sulphur isotope analyses were also conducted on pyrite and 
bornite from footwall material of the Duitschland Formation, anhydrite samples 
from core which occurs in the Central Sector of the Platreef, and chalcopyrite, 
sphalerite and galena from vein material.  Sulphur isotope analyses were 
conducted at the Environmental Isotope Laboratory of the iThemba Laboratories 
in South Africa, and microdrilled, bulk and vein samples were analysed at Royal 
Holloway, University of London in the United Kingdom.   
 
Samples for sulphur isotope analysis in South Africa were prepared using the 
procedure outlined by Horstmann and Malinga (2003) and analysed using a 
continuous-flow isotope ratio mass-spectrometer (GEO 20-20).  Samples 
weighing between 0.3 and 2.2 mg depending on the sample composition were 
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weighed into tin capsules.  Vanadium pentoxide (V2O5) weighing at least double 
the weight of the sample was then added to the capsule to aid combustion. 
Samples were then loaded into a carousel on the ANCA–GSL (automated 
nitrogen and carbon analysis for gases, solids and liquids). They were then 
dropped into a furnace held at 1020°C where they were combusted in the presence 
of oxygen (Figure 4.4). The combusted gases were swept in a helium stream over 
a combustion and reduction catalyst to purify the gas to sulphur dioxide. Water 
was removed by a Nafion™ membrane and magnesium perchlorate chemical trap. 
SO2 gas was separated from N2 and CO2 by a gas chromatograph (Figure 4.4). 
The resultant chromatographic peak of SO2 entered the ion source of the GEO 20-
20 CF–IRMS where it was ionised and accelerated (Figure 4.4).  
 
 
Figure 4.4: Diagramatic representation of a continuous flow mass spectrometer 
(modified from Gill, 1999). 
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32S and 34S were separated in a magnetic field then simultaneously measured on a 
Faraday cup universal collector array. Analysis time was about five minutes per 
sample. The raw data were linearly regressed using international and internal 
standards, and are reported relative to the Cañon Diablo troilite (CDT) standard 
(Table 4.1).  The reproducibility of duplicate determinations yielded aliquot 
differences between 0.1‰ and 0.8‰. 
 
Sulphur isotope analyses conducted in the United Kingdom were done using 
procedures outlined in Grassineau et al. (2001).  A continuous flow – isotope ratio 
mass spectrometry (CF-IRMS) method was used in the analyses, with prepared 
samples being dropped successively into a catalytic combustion furnace at 1000 – 
1200 °C.  The catalytic combustion furnace is constantly purged with He carrier 
gas.  A temperature of 1800 °C, in the presence of oxygen ensures complete 
oxidation of the sample, with copper being used to absorb any excess oxygen.  
Chemical scrubbing and gas chromatography are used to selectively remove or 
separate the products of the combustion (CO2, N2, H2O, SO2) (Figure 4.4).  These 
products, with the He carrier gas, are introduced into the IRMS.  The monitoring 
of ion beam intensities relative to background values allows for the determination 
of the isotope ratios of the gas peaks.  All corrected isotope results are expressed 
relative to the CDT standard.  The reproducibility of the samples is validated 
through the analyses of standards during the analyses of the samples and is 
between 0.03‰ and 0.22‰.   
 
For the bulk samples that were analysed in the United Kingdom the procedure is 
essentially the same as that used for the sulphide separates.  Much larger samples 
(up to 30 mg) are analysed to guarantee that sufficient sulphur is present for an 
accurate analysis.  Before the analytical run is started the linearity of the machine 
is tested to ensure that the difference in isotopic values between large and small 
samples from the same sample is negligible.  
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Results 
 
Southern Sector of the Platreef: 
 
Data obtained from Platreef sulphides varied according to the type of footwall 
lithology.  On farm Turfspruit (Table 4.1), where the footwall is  Duitschland 
Formation dolomites, δ34S values can be separated into two distinct groups, one 
with an average of +5.2‰, the other with an average of +1.4‰ (Table 4.1, Figure 
4.5).  These two groups occur at different depths in the sampled cores, with higher 
values occurring towards the base (Figure 4.6).  On farm Rietfontein (Table 4.2), 
where the footwall is also Duitschland Formation dolomites, δ34S values all 
grouped together, with an average of +5.0‰ (Table 4.2, Figure 4.5).  Hornfels 
xenoliths from the two farms also split into two groups, with hornfels from farm 
Rietfontein having an average δ34S of +5.2‰, and a hornfels from farm Turfspruit 
yielding a δ34S value of +9.7‰ (Table 4.1, Table 4.2, Figure 4.5).  Calc-silicates 
from the two farms generally showed two different sets of results, with pyrite and 
pyrrhotite within calc-silicates from farm Turfspruit having average δ34S values of 
+16.6‰, and a pyrrhotite from farm Rietfontein, yielding an average δ34S of 
+4.5‰.  Analysis of a  coarse-grained sulphide bleb which occurs within a calc-
silicate at the base of core ATS 57 yielded anomalously high δ34S values of 
+27.69‰ to +28.17‰. 
 
Sulphides from magmatic rocks sampled from farm Macalacaskop, which has a 
footwall of Timeball Hill Formation quartzite, showed slightly less variation.   
Analyses yielded an average δ34S value of +2.9‰ (Table 4.1), although a slight 
decrease in sulphur isotope values (from +3.6‰ to +2.2‰) is seen from the 
bottom to the top of the sampled core.  A serpentinite from the same core yielded 
a δ34S value of +3.3‰ and a pyrrhotite from the calc-silicate footwall has a δ34S 
value of +3.6‰ (Table 4.1). 
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Table 4.1: Sulphur isotope data for the southern sector of the Platreef on Farms 
Turfpruit (ATS, ITS) and Macalacaskop (AMK).  RSA and UK refer to the 
location of the laboratory where the samples were analysed. 
Sample 
Number Rock Type Mineral Sulphide/Sulphate Texture 
δ34S‰ 
CDT Analysed 
ATS 46/60.34 Pegmatoidal Norite Pyrrhotite Coarse grained bleb 1.1 RSA 
ATS 46/60.34 Pegmatoidal Norite Chalcopyrite Coarse grained bleb 1.1 RSA 
ATS 46/61.12 Feldspathic Pyroxenite Pyrrhotite Coarse grained bleb 1.1 UK 
ATS 46/61.12 Feldspathic Pyroxenite Chalcopyrite Coarse grained bleb 1.3 UK 
ATS 46/61.12 Feldspathic Pyroxenite Pentlandite Coarse grained bleb 0.9 UK 
ATS 46/146.71 Feldspathic Pyroxenite Pyrrhotite 
Fine to medium grained 
disseminated 5.9 UK 
ATS 46/154.67 Gabbro Norite Pyrrhotite Net-textured vein 6.3 UK 
ATS 46/207.50 Hornfels Pyrrhotite Medium grained bleb 9.7 UK 
ATS 46/316.62 Peridotite Pyrrhotite 
Medium to coarse grained 
interstitial 4.8 UK 
ATS 46/345.60 Dunite / Peridotite Pyrrhotite Net-textured 5.3 UK 
ATS 46/457.49 Pyroxenite Pyrrhotite Fine grained interstitial 5.4 RSA 
ATS 46/461.21 Feldspathic Pyroxenite Chalcopyrite Medium grained interstitial 5.5 UK 
ATS 46/469.25 Calc-silicate Pyrrhotite Fine grained disseminated 16.4 UK 
ATS 57/72.48 Pyroxenite Chalcopyrite Coarse grained bleb 1.0 UK 
ATS 57/118.78 Pyroxenite Pyrrhotite 
Fine to coarse grained 
interstitial 2.2 UK 
ATS 57/180.64 Feldspathic Pyroxenite Pyrrhotite 
Fine to medium grained 
disseminated 4.5 UK 
ATS 57/218.39 Pyroxenite Pyrrhotite Net-textured 5.0 UK 
ATS 57/218.39 Pyroxenite Chalcopyrite Net-textured 4.9 UK 
ATS 57/221.39 
Massive Sulphide / 
Pyroxenite Pyrrhotite Massive sulphides 5.3 UK 
ATS 57/221.39 
Massive Sulphide / 
Pyroxenite Pentlandite Massive sulphides 5.4 UK 
ATS 57/268.15 Feldspathic Pyroxenite Pyrrhotite Fine-grained disseminated 4.6 UK 
ATS 57/325.32 Calc-silicate Pyrrhotite Coarse grained bleb 28.2 UK 
ATS 57/325.32 Calc-silicate Pyrrhotite Coarse grained bleb 27.7 UK 
ATS 57/325.32 Calc-silicate Pyrrhotite Coarse grained bleb 28.7 UK 
ATS 57/335.07 Calc-silicate Pyrite Fine grained disseminated 16.9 UK 
AMK 21/125.76 Pyroxenite Pyrrhotite Coarse grained bleb 2.2 UK 
AMK 21/125.76 Pyroxenite Pyrrhotite Very coarse grained bleb 2.1 UK 
AMK 21/227.15 Serpentinite Pyrrhotite Interstitial 3.3 UK 
AMK 21/232.62 Pyroxenite Pyrrhotite Interstitial 3.6 UK 
AMK 21/232.62 Pyroxenite Chalcopyrite Interstitial 3.6 RSA 
AMK 21/235.31 Calc-silicate Pyrrhotite Vein within chalcopyrite bleb 3.5 UK 
ITS 33/241.16 Feldspathic Pyroxenite Pyrrhotite Coarse grained interstitial 1.8 RSA 
ITS 33/241.16 Feldspathic Pyroxenite Chalcopyrite Coarse grained interstitial 1.7 RSA 
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Table 4.2: Sulphur isotope data for the southern sector of the Platreef on Farm 
Rietfontein. 
Sample Number Rock Type Mineral Sulphide/Sulphate Texture 
δ34S‰ 
CDT Analysed 
ARF 08/36.42 
Cordierite-Spinel 
Hornfels Pyrrhotite Fine grained disseminated 5.3 RSA 
ARF 08/36.42 
Cordierite-Spinel 
Hornfels Chalcopyrite Fine grained disseminated 5.6 RSA 
ARF 08/36.53 
Cordierite-Spinel 
Hornfels Pyrrhotite Fine grained disseminated 5.0 RSA 
ARF 08/44.65 Norite Pyrrhotite 
Medium grained 
disseminated 5.2 RSA 
ARF 08/49.26 Norite Pyrrhotite Fine grained disseminated 4.5 RSA 
ARF 08/49.26 Norite Chalcopyrite Fine grained disseminated 4.8 RSA 
ARF 08/49.26 Norite Pyrrhotite Fine grained disseminated 5.2 RSA 
ARF 08/52.42 Gabbronorite Pyrrhotite Fine grained disseminated 5.4 RSA 
ARF 08/73.24 Gabbronorite Pyrrhotite Fine grained disseminated 5.1 RSA 
ARF 08/76.80 
Cordierite-Spinel 
Hornfels Pyrrhotite Fine to coarse grained blebs 5.0 RSA 
ARF 08/82.74 Gabbronorite Pyrrhotite 
Medium grained 
disseminated 4.9 RSA 
ARF 08/96.32 Gabbronorite Pyrrhotite 
Medium grained 
disseminated 4.1 RSA 
ARF 08/106.67 Gabbro Pyrrhotite Coarse grained blebs 4.2 RSA 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 4.9 RSA 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 4.9 RSA 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 4.9 RSA 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 5.4 RSA 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 5.4 RSA 
ARF 08/126.27 Norite Pyrrhotite 
Fine to coarse grained 
interstitial 5.6 RSA 
ARF 08/129.78 Norite Pyrrhotite 
Medium to coarse grained 
blebs 5.0 RSA 
ARF 08/129.78 Norite Chalcopyrite 
Medium to coarse grained 
blebs 5.4 RSA 
ARF 08/130.89 Norite Pyrrhotite Very coarse grained bleb 5.3 RSA 
ARF 08/153.46 Marble-Skarn Pyrrhotite Fine grained disseminated 4.5 RSA 
 
 
 
 
Chapter Four                                                                     Sulphur Isotope Analyses 
 56
 
Figure 4.5: Histograms showing sulphur isotopes vs. number of analyses for the 
southern sector of the Platreef depending on location.  The footwall on Farms 
Turfspruit and Rietfontein comprise Duitschland Formation, on Farm 
Macalacaskop it comprises Timeball Hill Formation.  Note: the scale of each of 
the diagrams is different.  Also graphite and magnetite refer to the dominant 
mineralogy of the host rocks rather than minerals analysed. 
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Figure 4.6: Diagram showing variation of δ34S values with depth and increasing 
distance from the footwall in the southern sector of the Platreef, as well as δ34S 
values from various sulphur-bearing footwalls of the Northern limb.  The phrase 
contaminated refers to samples which have δ34S values which are higher than 
those accepted for mantle sulphur.  The term magmatic refers to those samples 
which have δ34S values close to that of mantle sulphur.  Horizontal dashed line 
indicates distance from footwall at which δ34S values become magmatic, vertical 
dashed line represents the δ34S value where sulphides become contaminated.  
Solid horizontal line represents the depth of the footwall contact. 
 
Northern Sector of the Platreef: 
 
In the northern sector of the Platreef δ34S values can also be separated into two 
distinct groups, one with an average of +6.4‰, the other with an average of 
+3.3‰ (Table 4.3, Figure 4.7).  These two groups also occur at different depths in 
the sampled cores, but as opposed to the southern sector of the Platreef, the higher 
values occur towards the top of the core (Figure 4.8).  There are two analyses 
(PR175/102.50) which are included in the upper group that have comparatively 
high values of +10.7‰ and +11.0‰ (Table 4.3, Figure 4.8). 
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Table 4.3: Sulphur isotope data for the northern sector of the Platreef in percent 
per mil relative to CDT. 
Sample Number Rock Type Sulphide/Sulphate Texture 
δ34S‰ 
CDT 
PR174/21.50 Feldspathic Pyroxenite Very fine grained, disseminated 4.87 
PR174/56.00 Contaminated Norite Medium grained blebs 4.47 
PR174/75.50 Serpentinised Pyroxenite Fine to medium grained blebs 5.94 
PR174/80.50 Feldspathic Pyroxenite Medium grained blebs 5.61 
PR174/84.50 Contaminated Norite Fine grained, interstitial 5.58 
PR174/88.50 Contaminated Norite Fine grained, interstitial 5.33 
PR174/88.50 Contaminated Norite Fine grained, interstitial 5.56 
PR174/97.50 Contaminated Norite Fine grained, interstitial 6.09 
PR174/97.50 Contaminated Norite Fine grained, interstitial 5.47 
PR174/106.13 Serpentinised Pyroxenite Fine to coarse grained blebs 5.98 
PR174/109.54 Contaminated Norite Fine grained, interstitial 5.40 
PR174/188.50 Feldspathic Pyroxenite Net-textured 3.78 
PR174/188.50 Feldspathic Pyroxenite Net-textured 3.31 
PR174/207.50 Granofels Fine grained, interstitial 3.13 
PR174/217.50 Granofels Fine grained, interstitial 3.37 
PR174/224.50 Granofels Fine grained, interstitial 3.09 
PR174/240.50 Serpentinite Fine to coarse grained blebs 3.29 
PR174/240.50 Serpentinite Fine to coarse grained blebs 3.18 
PR175/16.50 Calc-Silicate Fine grained, disseminated 7.11 
PR175/19.08 Calc-Silicate Fine grained, disseminated 7.19 
PR175/19.08 Calc-Silicate Fine grained, disseminated 7.93 
PR175/19.08 Calc-Silicate Fine grained, disseminated 6.07 
PR175/32.35 Feldspathic Pyroxenite Fine grained, disseminated 5.96 
PR175/38.50 Contaminated Norite Medium grained blebs 4.89 
PR175/44.50 Contaminated Norite Medium grained blebs 5.43 
PR175/66.50 Feldspathic Pyroxenite Medium to coarse grained, interstitial 5.35 
PR175/77.18 Feldspathic Pyroxenite Medium to coarse grained, interstitial 6.40 
PR175/84.50 Feldspathic Pyroxenite Medium to coarse grained, interstitial 7.30 
PR175/84.50 Feldspathic Pyroxenite Medium to coarse grained, interstitial 7.87 
PR175/88.35 Feldspathic Pyroxenite Medium to coarse grained, interstitial 5.91 
PR175/91.79 Feldspathic Pyroxenite Coarse grained blebs 6.55 
PR175/91.79 Feldspathic Pyroxenite Coarse grained blebs 6.87 
PR175/102.50 Feldspathic Pyroxenite Fine grained, disseminated 11.03 
PR175/102.50 Feldspathic Pyroxenite Fine grained, disseminated 10.70 
PR175/115.35 Feldspathic Pyroxenite Medium grained blebs 5.72 
PR175/116.81 Feldspathic Pyroxenite Medium grained blebs 6.65 
PR175/116.81 Feldspathic Pyroxenite Medium grained blebs 6.77 
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Figure 4.7: Histograms showing sulphur isotopes for the northern sector of the 
Platreef on Farm Drenthe.  Note: graphite and magnetite refer to the dominant 
mineralogy of the host rock rather than actual minerals analysed. 
 
 
Figure 4.8: Diagram showing variation of δ34S values with depth and increasing 
distance from the footwall in the northern sector of the Platreef on Farm Drenthe.  
‘Less Contaminated’ refers to those samples which have δ34S values close to 
accepted mantle values, ‘More Contaminated’ refers to those samples whose δ34S 
values indicate to a sulphur contribution from an external source. 
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Sedimentary  Material: 
 
Sulphides from sedimentary material taken from Farm Duitschland that represent 
unmetamorphosed footwall gave varying sulphur isotope values. Bornite from 
dolomite at the top of the Duitschland sequence yielded δ34S values of +1.5‰, 
and pyrite from the shales towards the base of the sequence gave δ34S values of 
+8.2‰ (Table 4.4) (Figure 4.9). 
 
 
Figure 4.9: Stratigraphy of the Duitschland Formation showing measured sulphur 
isotope values. 
 
Vein Material: 
 
Anhydrite veins from the central sector of the Platreef gave δ34S values of 
between +19.8‰ and +20.2‰, and galena associated with these anhydrites 
yielded a δ34S value of -3.1‰ (Table 4.4).  Chalcopyrite formed along crystal 
planes in a calcite vein gave a δ34S value of +4.3‰.  Sphalerite and chalcopyrite 
from a quartz – calcite vein (PRS17) yielded similar δ34S values of +5.6‰ and 
+5.2‰ respectively, with galena from the same vein having a δ34S value of 
+1.1‰ (Table 4.4).   
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Table 4.4: Sulphur isotope data for the footwall and vein material associated with 
the Platreef.  Samples labelled DL are from Farm Duitschland, TN from Farm 
Tweefontein North, VK from Farm Vaalkop, and ZN from Farm Zwartfontein. 
Sample Number Rock Type Mineral 
Sulphide/Sulphate 
Texture δ34S‰ CDT 
DL1 Dolomite Bornite Alteration vein 1.5 
DL2 Shale Pyrite 
Medium grained nodules 
along bedding planes 8.2 
TN75 Anhydrite Anhydrite Vein 20.2 
VK75-305 Anhydrite Anhydrite Vein 19.8 
ZN 396-214.4 Anhydrite Galena Crystalline -3.1 
Calcite Vein Calcite  Chalcopyrite 
Crystalline, along calcite 
crystal planes 4.3 
PRS17 Quartz - Calcite Vein Sphalerite Crystalline 5.6 
PRS17 Quartz - Calcite Vein Chalcopyrite Crystalline 5.2 
PRS17 Quartz - Calcite Vein Galena Crystalline 1.1 
 
Discussion of Results 
 
The Kaapvaal Craton underlies the Bushveld Complex and the surrounding 
sedimentary successions including the Transvaal Supergroup.  Sulphur isotope 
analyses of sulphides from eclogites and associated kimberlites on the Kaapvaal 
Craton yield δ34S values of +0.2 to +2.1 ‰ (Tsai, 1979).  This provides a viable 
range of δ34S values for magmatic sulphides as they occur beneath the Kaapvaal 
Craton.   In this study, sulphides with values within this range were obtained from 
the top of cores in the upper part of the Platreef on farms Macalacaskop and 
Turfspruit.  Therefore the group of δ34S values that have an average of +1.4‰ is 
suggested to be of magmatic origin and hence help to constrain a magmatic end 
member for the Platreef. 
 
In the southern sector of the Platreef with increasing proximity towards the 
footwall contact these values increase from +1.4‰ to +5.2‰, which is seen 
clearly in Figure 4.5 where data are plotted against height above footwall contact.  
The only elevated δ34S values more that 175m above the footwall contact are 
related to a hornfels raft.  It is suggested that this increased δ34S value towards the 
footwall contact reflects an increasing crustal contribution of sulphur close to the 
floor.  In the southern sector the most likely source of crustal sulphur is from a 
Duitschland Formation footwall which has positive sulphur isotope values (this 
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study, Baker, 2005), whereas δ34S values for other lithologies within the 
Transvaal Supergroup are generally negative (Cameron, 1982).  This 
contamination probably occurred through the release of sulphur- and other 
volatile- and trace element-enriched fluids from the pyrite-rich shale during 
metamorphism to cordierite spinel hornfels which occurs as rafts in the southern 
sector of the Platreef.   
 
In comparison to the southern sector of the Platreef, the sulphur isotope data from 
the northern sector is slightly different, with increased δ34S values (average 
+6.4‰) being concentrated in the top half of the package rather than towards the 
footwall (Figure 4.8).  In the 175 m closest to the footwall, there is a lower 
sulphur isotope contamination signature (average +3.3‰) which reflects the near-
to-magmatic values that would characterize any sulphur that may have come from 
the granite footwall.  As granites are typically low in sulphur, and there is little to 
no sulphur present in the lower half of the Platreef in PR-174 and PR-175 it is 
logical that very little crustal contamination is recorded in this part of the 
sequence.   
 
In contrast, the increased sulphur isotope values towards the top of the Platreef 
appear to coincide with the presence of altered dolomite rafts in the upper Platreef 
in the area sampled, as well as the increased presence of sulphides.  These 
dolomites are therefore the most likely source of crustal sulphur in this area of the 
Platreef, and this is supported by the δ34S values obtained from calc-silicates 
which are similar to the higher δ34S values from the more contaminated area of 
the package.  It should be noted that although there is a presence of dolomite 
within core PR-175, there is none that is directly recorded in core PR-174.  This is 
reflected in the slight difference in δ34S values of the two cores.  Core PR-174, 
which does not contain any dolomite, has slightly lower δ34S values in the upper 
part of the Platreef ranging from +4.47 to +6.07‰.  Core PR-175, which does 
contain altered dolomite xenoliths, shows a greater degree of crustal 
contamination within the upper part of the Platreef with δ34S values ranging from 
+4.89 to 11.03‰. 
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When combined with data from previous work, Buchanan et al. (1981), Buchanan 
and Rouse (1984), Hulbert (1983), Liebenberg (1968), and Manyeruke (2003) the 
data from this study indicates a variation of contaminated δ34S values for the 
Platreef along strike according to footwall composition (Figure 4.10). Where the 
footwall comprises quartzite, sulphur isotope values are approximately +3‰, 
whereas with a footwall of Duitschland Formation dolomites δ34S values are 
approximately +5‰.  In the central sector where the footwall is Malmani 
dolomites, sulphides have sulphur isotope values of +3‰ to +6‰.  In the northern 
sector, where the footwall is granite, there is little evidence for contamination 
from the direct footwall in the lower part of the Platreef pyroxenites where δ34S 
values are approximately +3‰.  However in the upper portion of the Platreef on 
Farm Drenthe where dolomite rafts occur they have contributed crustal sulphur to 
the system, increasing sulphur isotope values to approximately +6‰.  These 
dolomite rafts are believed to represent roof rocks from the Malmani Subgroup of 
the Transvaal Supergroup. 
 
Sulphur isotope geothermometry conducted on a sulphide-bearing quartz-calcite 
vein (PRS-17) using coexisting sphalerite and galena yielded a temperature of 
formation of 403°C.  This temperature is similar to temperatures obtained from 
the same sample through fluid inclusion studies (L. Zhitova, pers. comm).  This 
vein material may represent a remnant of volatile-rich fluids that passed through 
the Platreef after its emplacement.  
 
It is suggested that during metamorphism of sedimentary footwall and xenoliths 
by magma, volatiles, including sulphur, are released into the magma.  These 
volatiles travel through the system, causing sulphur saturation and the formation 
of an immiscible sulphide liquid which re-crystallised any pre-existing magmatic 
sulphides.  This external contribution of sulphur to the system is especially linked 
to the presence of xenoliths both in the north and south, and greater concentrations 
of sulphide mineralisation occur around these xenoliths. The magmatic sulphides 
which occur at the top of the core in the southern sector of the Platreef have not 
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been affected by these volatiles, unless they are close to a xenolith (core ATS-
046) and hence retain their primary sulphur isotope signature.  Equally the 
uncontaminated sulphides at the base of Platreef in the northern sector have not 
been affected by sulphur-carrying fluids, whereas the sulphides at the top of the 
package have.  In order to further clarify whether pyritic shales or dolomites or 
both lithologies from the Duitschland Formation are the source of external sulphur 
within the southern sector of the Platreef multiple-sulphur isotope analysis was 
conducted on samples. 
 
Figure 4.10:  Geological map of the Platreef showing non-magmatic sulphur 
isotope data for Platreef.  Data from Buchanan et al. (1981), Buchanan and Rouse 
(1984), Hulbert (1983), Liebenberg (1968), Manyeruke (2003) and this study. 
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CHAPTER FIVE 
MULTIPLE SULPHUR ISOTOPE ANALYSES 
 
Introduction 
 
In order to confirm the initial observations of conventional sulphur isotope analyses, 
multiple sulphur isotope analyses were undertaken on samples from cores ATS-046, 
ATS-057, and ARF-08 from farms Turfspruit and Rietfontein.  All of these cores are 
from the southern sector of the Platreef, and have a footwall comprising Duitschland 
Formation dolomites, and contain xenoliths of metamorphosed Duitschland 
Formation shales.  Analyses were conducted on sulphide separates at the University of 
Maryland, United States of America. 
 
Multiple Sulphur Isotope Theory and Concepts 
 
An important aspect of sulphur isotope analysis is the study of mass-independent 
fractionation of sulphur.  This process can be quantified by examining ∆33S and ∆36S 
which are defined as follows: 
∆33S = δ33S – 1000 ({1+ δ34S/1000}0.515 – 1) 
∆36S = δ36S – 1000 ({1+ δ36S/1000}1.91 – 1). 
 
For the last 2 billion years, since the existence of a well oxygenated atmosphere, the 
behaviour of 33S and 36S has occurred dependent on mass, which would produce ∆33S 
and ∆36S values of close to zero (Figure 5.1).  The earth’s history is divided into three 
stages using ∆33S signatures (Figure 5.1) (Farquhar & Wing, 2003).  Stage I extends 
from before 3.8 Ga to 2.45 Ga and shows highly variable ∆33S.  In Stage II, which 
extends from 2.45 to 2 Ga, there is a more subdued variation in ∆33S.  Stage III has a 
very low variation (less than ±0.2‰) in ∆33S, and extends from 2 Ga to the present.  
The transition from Stage I to Stage II is thought to be due to a change in the Earth’s 
atmospheric chemistry (Farquhar & Wing, 2003).  Before 2 billion years ago, mass-
independent fractionation of sulphur was believed to occur due to ultraviolet 
photolysis of sulphur in the Archaean atmosphere (Farquhar & Wing, 2003).  The lack 
of oxygen, and hence ozone, in this time period allowed for ultraviolet rays to 
penetrate through to the Earth’s atmosphere, causing mass independent fractionation.  
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Sulphur which has a magmatic source will not have undergone mass-independent 
fractionation, as it has not been exposed to any atmospheric processes (Farquhar & 
Wing, 2003). 
 
 
Figure 5.1: Plot of ∆33S vs. age for terrestrial rocks containing atmospheric sulphur 
(Farquhar and Wing, 2003) showing highly variable ∆33S in Stage I pre-2.45 Ga, 
Stage II showing slightly less ∆33S variation, and Stage III, from 2 Ga onwards, 
showing no variation.  
 
Previous Work 
 
A detailed multiple sulphur isotope study has been conducted on the part of the 
Transvaal Supergroup covering the top of the Malmani Dolomites, the Penge and 
Duitschland Formations, and the bottom of the Timeball Hill Formation in the area of 
Farm Duitschland (Figure 5.2) (Baker, 2006).  The Malmani dolomites are 
characterised by relatively high δ34S (10 – 15‰) and high ∆33S (1.0 – 2.8‰) (Figure 
5.2), and the Penge Formation has relatively low δ34S (5 - 6‰) and ∆33S (0.1 – 0.2‰) 
values.  There is a major break in both δ34S and ∆33S that has been identified between 
the Lower and Upper Duitschland Formations, with the Lower Duitschland having 
slightly raised δ34S (3 - 10‰) and ∆33S (0.5 – 1.5‰) values (Figure 5.2).  In contrast 
the Upper Duitschland has high δ34S values of approximately 15 - 40‰, but low ∆33S 
values of 0 – 0.3‰.  This indicates a major change in the Earth’s atmosphere between 
the deposition of the Lower and Upper Duitschland Formations.  It is unclear at this 
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stage if this change marks the shift between Stages II and III as proposed by Farquhar 
and Wing (2003), or is a localised shift that preceded the global atmospheric change.   
The Timeball Hill Formation has very negative δ34S values of approximately -27 to -
30‰, and low ∆33S values of 0 – 0.2‰ (Baker, 2006). 
 
 
Figure 5.2:  Diagram showing multiple sulphur isotope data for the Transvaal 
Supergroup against a simplified stratigraphic column, data from Baker (2006).  
‘Chrome reducible sulphur’ refers to sulphur extracted from pure sulphide minerals, 
‘carbonate associated sulphur’ refers to sulphur that is chemically extracted from 
carbonates before analysis. 
 
Methodology 
 
Sulphide mineral separates (pyrrhotite and chalcopyrite) were analysed from cores 
ATS-046, ATS-057 and ARF-08, all of which have a footwall of Duitschland 
Formation.  Analyses were conducted at the University of Maryland in order to 
examine their ∆33S and δ34S values.    Sulphur multiple isotope analyses followed the 
methods of Hu et al. (2003).  Sulphides were converted to SF6 by laser heating of 
separated sulphides in an F2 atmosphere.  The resulting SF6 was purified first 
cryogenically and then with a gas chromatograph.  Purified SF6 was introduced to a 
ThermoFinnigan MAT 253 dual-inlet gas-source mass spectrometer where sulphur 
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isotope abundances were measured by monitoring the 32SF5+, 33SF5+, 34SF5+ ion beams 
at mass to charge ratio of m/z = 127, 128, and 129, respectively.  All sulphur isotope 
data is reported relative to Cañon Diablo Troilite (CDT).  The analytical precision is 
estimated to be ±0.12 ‰ for δ34S, and ±0.008‰ for ∆33S based on the long term 
standard deviation between duplicates of an in-house pyrite standard (P1). 
 
Results 
 
The samples that were analysed for this study can be divided into three separate 
groups.  Group I has low ∆33S and δ34S values (0.17 – 0.19‰ and 1.25 – 2.03‰ 
respectively), whereas Group II is characterised by relatively high δ34S (4.84  - 6.43‰) 
and ∆33S (0.41  - 0.57‰) values (Table 5.1, Figure 5.3).  In contrast Group III has 
very low ∆33S values (0.07 – 0.17‰) but very high δ34S values (20.62 – 28.72‰) 
(Table 5.1, Figure 5.2). 
 
Table 5.1: Multiple Sulphur Isotope Analyses on sulphides from three cores. 
Sample 
Number Rock Type Mineral Sulphide Texture 
δ34S 
(‰ CDT) 
∆33S 
(‰ CDT) 
ARF 08/49.26 Norite Pyrrhotite Fine grained disseminated 4.84 0.45 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive Sulphide 5.17 0.46 
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive Sulphide 6.43 0.53 
ARF 08/129.78 Norite Pyrrhotite Medium to coarse grained blebs 5.30 0.47 
ATS 46/60.34 Pegmatoidal Norite Chalcopyrite Coarse grained bleb 2.03 0.19 
ATS 46/461.21 Feldspathic Pyroxenite Pyrrhotite Medium-grained interstitial 5.22 0.41 
ATS 57/72.48 Pyroxenite Pyrrhotite Coarse grained bleb 1.25 0.17 
ATS 57/219.26 Pyroxenite Pyrrhotite Net-textured 5.30 0.47 
ATS 57/221.39 Massive Sulphide / Pyroxenite Chalcopyrite Massive Sulphide 6.32 0.57 
ATS 57/221.39 Massive Sulphide / Pyroxenite Pyrrhotite Massive Sulphide 5.49 0.56 
ATS 57/325.25 Calc-Silicate Pyrrhotite Coarse grained bleb 28.72 0.07 
ATS 57/335.07 Calc-Silicate Pyrite Fine grained disseminated 20.62 0.17 
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Figure 5.3: Diagram showing multiple sulphur isotope data from this study, as well as 
the grouping of the data. 
 
Discussion of Results 
 
Analysis of the mass-independent fraction of sulphur isotopes supports the 
interpretation of the sulphur isotope data that external sulphur has been added to the 
Platreef from sedimentary floor rocks and xenoliths.  The low δ34S and ∆33S values of 
Group I are indicative of a close-to-magmatic source for the sulphur that formed these 
sulphide minerals.  The samples which comprise this group are all taken from the 
Platreef more than 175m from the footwall.  Non-zero ∆33S values in Group II 
indicate that the sulphur within these sulphides does not have a wholly mantle origin.  
The measured ∆33S values are all greater than 0.4‰, and when both  ∆33S and δ34S 
values are compared to those of the Duitschland Formation (Figure 5.2), the source of 
the crustal sulphur is consistent with a source from the Lower Duitschland Formation 
(Figure 5.4).  The most likely source of this sulphur was probably originally pyrite in 
organic-rich shales.  It is proposed that this sulphur would have originally started out 
in elemental sulphur aerosols, and would have ended up in the pyrites after being 
reduced to H2S (aq), either abiotically or by bacteria that metabolised elemental 
sulphur (Farquhar et al., 2000).  When plotted with data from the Duitschland 
Formation of Baker (2006) (Figure 5.2), the Group III sulphides appear to have a 
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major sulphur contribution from the Upper Duitschland Formation (Figure 5.4).  
These sulphides were sampled from calc-silicates which comprise the direct 
metamorphosed footwall of the Platreef in the relevant cores. 
 
 
Figure 5.4: Diagram plotting δ34S vs. ∆33S for both the Platreef (this study), and the 
Upper and Lower Duitschland Formations (Baker, 2006).  
 
When combined, this data indicates that the contamination in the southern Platreef has 
come from pyritic shales of the Lower Duitschland Formation, and as is indicated by 
conventional sulphur isotope analyses, decreases away from the footwall.  However, 
the remnant footwall in this area is predominantly Upper Duitschland Formation 
dolomites, not Lower Duitschland Formation as implied from δ34S isotope data.   
 
In order to investigate further the local variation of contamination within the Platreef 
depending on changing footwall and sedimentary xenoliths another isotope system 
was used.  Oxygen isotope analysis is based on similar principles to those for sulphur 
isotope analysis and also allows for the extent of crustal contamination within a 
magmatic system to be assessed.  Samples from the southern sector were therefore 
examined using this method, and data was compared to that of previous studies 
(Harris and Chaumba, 2001; Pronost, 2005). 
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CHAPTER SIX 
OXYGEN ISOTOPE ANALYSES 
 
Introduction 
 
Oxygen isotopes provide another geochemical method of tracing possible crustal 
contamination within igneous systems, with similar basic principles to those of 
sulphur isotope analyses.  They were also conducted to compare oxygen isotope 
data from the southern sector of the Platreef with pre-existing data from the 
central sector of the Platreef (Harris and Chaumba, 2001).  Silicate separates were 
extracted from three cores (AMK021 from Farm Macalacaskop, and ATS046 and 
ITS033 from Farm Turfspruit) in order to compare δ18O values with depth 
through the Platreef as well as possible variations with different footwalls.  
Samples were chosen on the same basis as that of the samples chosen for sulphur 
isotope analyses, in that samples from core ITS033 with a Duitschland Formation 
footwall were selected as possibly having no crustal contamination.  Samples 
from core AMK021 were chosen for analysis to reflect a footwall of Timeball Hill 
Formation, and core ATS046 was sampled as it has a footwall of Duitschland 
Formation.  Silicate separates that were analysed were plagioclase, pyroxene, 
cordierite, and calc-silicate, and they were analysed at the University of Cape 
Town, South Africa. 
 
Oxygen Isotope Theory and Concepts 
 
There are three stable isotopes of oxygen, 16O, 17O, and 18O, of which 16O is the 
most abundant (99.763%), followed by 18O (0.1995%), with 17O being the least 
abundant (0.0375%).  Due to this, the 18O/16O ratio is used in isotopic studies, and 
expressed as δ18O in percent per mil, which is represented by the following 
formula: 
δ18O‰ = [(18O/16O (sample) - 18O/16O (standard))/ 18O/16O (standard)] x 1000. 
The standard which is used in this study is the Standard Mean Ocean Water 
(SMOW), which is distributed by the Atomic Energy Agency in Vienna. 
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In nature, δ18O varies greatly depending on the processes involved, with most 
variation occurring in meteoric water.  Chondrite meteorites and the mantle have 
δ18O values close to +5.7 ‰, whereas granites, metamorphic rocks, and sediments 
are isotopically enriched in δ18O compared to the mantle (Rollinson, 1993). 
 
One of the most common uses of oxygen isotope data in co-existing mineral pairs 
is that of geothermometry.  This is determined using the equation: 
1000 ln αmineral 1 – mineral 2 = A(106/T2) + B 
whereby A and B are experimentally determined for particular mineral pairs, and 
where B usually equals zero.  Another useful relationship is that the difference of 
δ18O between minerals (expressed as ∆ mineral 1 – mineral 2 = δ18O mineral 1 - δ18O mineral 
2) is approximately equal to 1000 ln αmineral 1 – mineral 2 (Note: this is only applicable 
for δ values less than 10).  Therefore the temperature of formation of co-existing 
mineral pairs can be determined using their δ18O values. 
 
Previous Work 
 
Oxygen isotope work has been conducted both on the Platreef (Harris and 
Chaumba, 2001) and the main Bushveld (Schiffries and Rye, 1989; Reid et al., 
1993; Harris et al., 2005).  Schiffries and Rye (1989) analysed mineral separates 
taken from the eastern limb of the Bushveld Complex and sampled from each of 
the zones within the Rustenburg Layered Suite (RLS).  Average δ18O values 
showed little variation either laterally through the intrusion or with depth.  The 
authors recorded that δ18O values from mineral separates within the Bushveld are 
“heavier” than the values expected for a basaltic magma of +5.7‰ (Rollinson, 
1993), with δ18O values for plagioclase varying from +6.8 to +7.7‰, and for 
orthopyroxenes varying from +6.1 to +7.0‰.  The differences between δ18Oplag 
and δ18Oopx (∆18Oplag-opx) however are generally small (~0.5), and are typical of 
magmatic systems.  Sedimentary rock samples taken from the Transvaal 
Supergroup showed a variety of δ18O values, with 9 to 11‰ for quartzites, 11 to 
15‰ for pelites, and 19 to 21‰ for carbonates (Schiffries and Rye, 1989).  This 
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data suggests that the magmas which formed the Bushveld Complex were 
contaminated before emplacement, and that the magma was well mixed.  The 
slightly elevated δ18O values could be attributed to the assimilation of Transvaal 
Supergroup rocks into the magma with 10 – 29% contamination. 
 
Reid et al. (1993) examined samples taken from boreholes that intersected a 
pothole formed in the Merensky Reef of the Western Limb of the Bushveld 
Complex.  They found that their δ18O data agreed well with those of Schiffries 
and Rye (1989), with δ18Oplag values of approximately +7.1‰, and δ18Oopx values 
of approximately +6.6‰ and no variation with depth observed.  They also 
recorded a ∆18Oplag-opx = 0.5, which is also in agreement with Schiffries and Rye 
(1989). 
 
These observations were supported by Harris et al. (2005) who also found slightly 
elevated δ18O values within the RLS of the Bushveld Complex, and no 
stratigraphic variation.  This is thought to indicate that Bushveld Complex 
magmas were contaminated before emplacement, supporting the staging chamber 
hypothesis.  However, the most likely contaminant is suggested to be the middle 
to lower crust, and not Transvaal Supergroup rocks as previously proposed.  This 
is also supported by a Sr-Nd isotope study conducted by Maier et al. (2000). 
 
Harris and Chaumba (2001) conducted stable isotope studies on mineral separates 
taken from the Sandsloot Mine in the Northern Limb.  Pyroxene and plagioclase 
from the Main and Upper Zones of the Northern Limb both showed little variation 
of δ18O, with plagioclase having values of +7.0 to +8.3‰ (from 18 samples), and 
pyroxene having values of +6.1 to +7.6‰.  The authors also noted a slight 
decrease of δ18O values with increased stratigraphic height, which is probably a 
function of changing mineralogy. 
 
However according to Harris and Chaumba (2001), samples from the Platreef 
itself show considerable variation in plagioclase and pyroxene δ18O values.  The 
plagioclase and pyroxene from the Platreef have higher δ18O values than those 
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from the Upper and Main Zone which the authors attribute to crustal 
contamination.  Another feature is that many of the samples are not in oxygen 
isotope equilibrium at magmatic temperatures which is attributed to water-rock 
interaction.  Carbonate samples from the Platreef show a wide range of δ18O 
values with samples varying from +6.9 to +25.5‰, which can be caused by 
decarbonation during metamorphism.  However, samples from footwall dolomites 
have δ18O values of 19-24‰ (Harris and Chaumba, 2001). 
 
From this data the authors conclude that a degree of assimilation (up to 18%) of 
Transvaal rocks had occurred as indicated by the high δ18O values recorded.  
These high δ18O values have been attributed to the assimilation of Malmani 
dolomites which comprise the footwall of the Platreef on Farm Sandsloot.  The 
possibility of lower crustal material causing the contamination is dismissed by the 
authors as published δ18O values for the lower crust on the Kaapvaal Craton as 
exposed by the Vredefort impact structure are approximately 8.7‰ (La Grange et 
al, 2000).   This would mean that 44% contamination would have to occur to 
cause the increased δ18O values seen in the Platreef, which is highly unlikely.  It is 
noted that this contamination is only observed within the Platreef, and is not seen 
in any of the other units that comprise the Northern Limb of the Bushveld 
Complex, or in the Bushveld as a whole.   The authors also note that due to the 
lack of variation in the δ18O values for the Bushveld as a whole, and the Northern 
Limb itself, that contamination probably occurred in a staging chamber, and when 
it intruded it was well mixed.  
 
Methodology 
 
Samples were chosen for oxygen isotope analysis from different depths and 
lithologies within the cores from the southern sector of the Platreef, in order to 
examine both variations with depth, and with different footwalls and proximity to 
hornfels rafts.  Samples were crushed and sieved and the +125 µm fraction was 
then washed and dried.  From this fraction, silicate separates were hand picked, 
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pyroxene and plagioclase in the case of most samples, cordierite from the 
hornfels, and calc-silicates from the footwall of AMK-021 and ATS-046.  
 
These silicate separates were then crushed to a fine powder, and placed in an oven 
at approximately 50°C to dry.  Once dry, the sample was weighed out (~10 mg) 
and placed in a nickel reaction vessel (inside diameter ~ 12 mm) which is over 
pressurised above atmosphere by dry nitrogen (Vennemann and Smith, 1990).  
The extraction line consisted of ten reaction vessels, of which eight were used for 
samples, and two for standards (Harris and Erlank, 1992).  The silicates were then 
degassed under a vacuum on conventional silicate lines at 200°C for a minimum 
of two hours (Harris et al. 2005).  After degassing, the minerals were reacted with 
seven times the stoichiometric amount of CIF3 at a temperature of 550°C.  The 
resultant O2 was converted to CO2 using a hot platinised carbon rod.  The pressure 
of the sample is then measured with a manometer in order to approximate the 
yield of CO2 from the original sample.  Finally the gas is collected and sealed into 
a glass tube in preparation for analyses in the Mass Spectrometer. 
 
The stable isotope ratios are then measured using a Finnigan MAT252 Mass 
Spectrometer and reported as δ18O.  An internal standard of Murchison Line 
Quartz (MQ) was used, and the average value of MQ was used to normalise the 
raw data to the SMOW scale (Harris et al, 2005). 
 
Results 
 
In the Platreef, some small variations of oxygen isotope data occur according to 
height above the footwall (Figure 6.1).  Recorded δ18O values varying from +6‰ 
to +9‰ for plagioclase, and +6.5‰ to +8.5‰ for pyroxene (Table 6.1).  
Cordierite from hornfels rafts showed slightly higher δ18O values with a 
maximum of +11.5‰ (AMK021/393.33, ATS046/207.25), whereas a calc-silicate 
from the direct footwall (ATS046/496.25) had a similar δ18O to the Platreef itself 
(+8‰).  The ∆plag-opx values recorded by this study show a large variation from -
1.48 to +2.41 (Table 6.1).   
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Figure 6.1: Diagram showing variation of δ18O with depth and distance from 
footwall, as well as δ18O values for footwall material that was analysed.  
 
Table 6.1: Details of all oxygen isotope analyses for this study (‰, V-SMOW), as 
well as the difference between δ18Oplag and δ18Oopx analyses (∆plag-opx).  (Note: plag 
= plagioclase, opx = orthopyroxene, cord = cordierite, calc-sil. = calc-silicate.) 
 
Sample No. Rock Type δ18Oplag. δ18Oopx. δ18Ocord. δ18Ocalc-sil. ∆18Oplag-opx  
AMK021/90.25 Spotted Anorthosite 9.1 6.9     2.2 
AMK021/222.06 Serpentinite   7.3       
AMK021/232.62 Pyroxenite 7.3 8.7     -1.4 
AMK021/240.62 Pyroxenite 8.7         
AMK021/393.33 Metamorphosed Quartzite     11.6     
ATS046/60.19 Norite - Leuconorite 7.7 7.3     0.4 
ATS046/131.64 Feldspathic Pyroxenite  9.7 7.3     2.4 
ATS046/207.25 Hornfels     9.7     
ATS046/275.80 Olivine. Feldspathic Pyroxenite 8.0 7.0     1.0 
ATS046/383.23 Feldspathic Pyroxenite - Pyroxenite 8.4 6.8     1.6 
ATS046/496.25 Calc Silicate       8.1   
ITS033/241.16 Feldspathic Pyroxenite 7.6 6.5     1.1 
ITS033/253.44 Pyroxenite 5.9 6.7     -0.8 
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Oxygen isotope geothermometry was calculated using the oxygen isotopes of 
plagioclase – pyroxene pairs.  The crystallisation temperature of the silicates 
varied from 629°C to 867°C (Table 6.2), with the higher temperatures being 
recorded in samples with low or negative ∆18Oplag-px values.   
 
Table 6.2: Results of Oxygen Isotope Geothermometry on samples with 
plagioclase – pyroxene pairs. 
Sample Number δ18Oplag. δ18Oopx. T (K) T (°C) 
AMK021/90.25 9.07 6.93 908 635 
AMK021/232.62 7.26 8.74 1140 867 
ATS046/60.19 7.68 7.31 1014 741 
ATS046/131.64 9.74 7.33 902 629 
ATS046/275.80 7.97 6.98 973 700 
ATS046/383.23 8.4 6.82 936 663 
ITS033/241.16 7.58 6.54 965 692 
ITS033/253.44 5.89 6.66 1105 832 
 
Discussion of Results 
 
The δ18O data from this study agrees in general with that of previous studies 
(Harris and Chaumba, 2001, Harris et al., 2005, Reid et al., 1993, Schiffries and 
Rye, 1989).  These data sets vary from a typical mantle value of +5.7‰.  This 
might suggest the presence of crustal oxygen within the northern limb.  However, 
in contrast to the sulphur isotope data, there is little variation with depth through 
the entire sequence, especially.  This might be expected however as oxygen is a 
major element, and sulphur is a trace element.  A small amount of influx of 
sulphur from a sedimentary source will be noticeable, but 5‰ contamination of a 
magma with a δ18O of 7‰ by a hornfels with a δ18O of 10‰ will not make a 
noticeable difference.  It is however important to note that the Platreef pyroxenites 
in contact with shale/quartzite have slightly higher δ18O values than the RLS in 
general, and are also different to those recorded at Sandsloot (Harris and 
Chaumba, 2001; Pronost, 2005) (Figure 6.2).  This data indicates that either a 
greater degree of crustal contamination at Sandsloot, or that the contaminants at 
Sandsloot have higher δ18O values.  Here, it is suggested that the latter of these 
two possibilities is the more likely, because δ18O values for the Malmani dolomite 
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footwall at Sandsloot are much higher than the δ18O values for hornfels xenoliths 
and quartzite footwall in the southern sector of the Platreef.   
 
 
Figure 6.2: Diagram showing different oxygen isotope data for different sectors of 
the Platreef.  Data for Platreef with Malmani dolomite footwall from Harris and 
Chaumba (2003) and Pronost (2005). 
 
Previous authors (Schiffries and Rye, 1989; Reid et al. 1993) have recorded 
∆18Oplag-px values of approximately +0.5‰; indicating that silicate minerals from 
the Bushveld Complex formed through magmatic processes.  These authors 
suggest that these ∆18Oplag-px values coupled with non-mantle δ18O values indicate 
that contamination of the magma occurred pre-intrusion, probably in a staging 
chamber.  However, the ∆18Oplag-opx values recorded in this study do not 
completely support the interpretation that the silicate minerals in the Platreef were 
formed purely through magmatic processes.  Data presented in this study suggests 
that some sub-solidus re-equilibration has occurred.  This may be due to deuteric 
fluids moving through the northern limb in the final stages of its formation and 
possibly causing the re-crystallisation of certain silicate minerals.  For example 
this may be the result of a granitic component flushing through the system, which 
is now represented in the Platreef as quartzo-feldspathic veins (Hutchinson and 
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Kinnaird, 2005).  This fluid is probably related to the volatile-rich fluid that 
assisted in the formation of the sulphides within the Platreef.  This interpretation 
is supported by oxygen isotope geothermometry with the temperature range of 
629 - 867°C being general too low for silicates to have been formed entirely 
through normal magmatic crystallization. 
Chapter Seven                                                               Discussion and Conclusions 
 80
CHAPTER SEVEN 
DISCUSSION AND CONCLUSIONS 
 
Introduction 
 
The main aim of this study was to determine the method of formation of sulphide 
minerals within the Platreef, of the Northern Limb of the Bushveld Complex.  If it 
was determined that there was an external source of sulphur which led to the 
formation of these sulphide minerals, this source was also to be located.  For this 
purpose the main evidence for external sources of sulphur compared to a 
magmatic source of sulphur should be presented before discussing the results of 
this study. 
 
Discussion 
 
There are three main lines of evidence which can indicate that an external source 
of sulphur is involved in the formation of sulphide mineral deposits (Naldrett, 
2004): 
 
The first, and most conclusive, line of evidence is the non-mantle isotopic 
composition of sulphur.  As discussed in Chapter Four, sulphur that has its origin 
within the mantle will have δ34S values of approximately zero (-2 to +2‰).  
However if sulphur from an external source has been added to the system the δ34S 
values will be more positive or negative than this mantle, or magmatic range.   
 
The second line of evidence is the association of sulphides within a magmatic 
intrusion with inclusions or xenoliths of country rock: specifically if the country 
rock is rich in sulphur, for example evaporites, sulphur-rich dolomites, or pyritic 
shales.  This provides a viable source for the external sulphur.   
 
The third line of evidence is based on experimental data which indicates that 
magmas are able to dissolve more sulphur as they rise to the surface (Figure 7.1).  
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Therefore unless the magma acquires sulphur from the rocks that it passes through 
it will move further away from the point of sulphur saturation as the pressure 
decreases.  With this evidence in mind, the results from this study can be 
examined to determine how the sulphide minerals of the Platreef formed. 
 
 
Figure 7.1: Sulphur contents at sulphide saturation in synthetic basalt vs. pressure 
and temperature (Mavrogenes and O’Neill, 1999). 
 
The different components of this study, when synthesised present a clear picture 
with regards to the formation of sulphide mineralisation within the Platreef, and 
the importance of the varying footwall in this area of the Bushveld Complex.  An 
initial comparison of the southern and northern sectors based on their sulphide 
mineralogy indicates very different processes.  In the southern sector the sulphide 
mineralisation is generally concentrated in the base of the Platreef, whereas in the 
northern sector it is focussed in the top half of the cores sampled.  However, there 
is a close correlation between the occurrences of sulphide mineralisation and the 
occurrence of metasedimentary xenoliths. 
 
Southern Sector of the Platreef 
 
In the southern sector of the Platreef, the footwall is predominantly comprised of 
sedimentary rocks from the Duitschland Formation.  These have been 
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metamorphosed during the emplacement of the Platreef, and the Platreef itself 
contains altered xenoliths of these footwall lithologies.  Importantly however, the 
xenoliths which generally occur within the lower part of the Platreef are 
dominantly cordierite-spinel hornfels, which are probably metamorphosed shales, 
whereas the footwall in the same core comprises calc-silicate skarns which have a 
dolomite protolith.   
 
The occurrences of sulphide mineralisation within the southern sector of the 
Platreef also appear to be focussed in the lower half of the package, although in 
core ATS-046 there is a concentration of sulphides within the top portion of the 
core related to the presence of a hornfels raft (Figure 7.2).  It is therefore apparent 
that the occurrence of sulphides is intimately linked to the presence of 
metasedimentary material, whether in proximity to xenoliths, or close to the basal 
contact with the footwall. 
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Mottled Anorthosite
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Figure 7.2:  Core logs and sulphur concentration (wt%) of cores ATS-57 and 
ATS-46 respectively. 
 
This observation of a close relationship between sulphide abundance and 
metasedimentary lithology occurrence is further supported by the sulphur isotope 
data.  The sulphur isotope analyses from the southern sector where the footwall is 
Duitschland Formation can be divided into two groups, one of which has δ34S 
values which are close to magmatic (average of +1.4‰), and another which has 
δ34S values which indicate contamination by an external source (average of 
+5.1‰) (Figure 7.3).  This ‘contaminated’ section of the Platreef is focussed in 
the bottom 175m of the package, again associated with the presence of footwall 
material.  It is also important to note that some increased δ34S values are seen in 
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core ATS-046 higher up in the package.  These are found in the sulphides 
associated with a hornfels raft at ~180 m depth (Figure 7.3).  The more magmatic 
sulphur isotopes occur at the top of the package away from any footwall material. 
Sulphides analysed from footwall lithologies have a variation in sulphur isotope 
values.  Pyritic-bearing hornfels rafts from within the Platreef have δ34S values of 
between +5.2 and +9.7‰.  Footwall calc-silicates have heavier sulphur isotope 
values of approximately +16‰, although they can have δ34S values of up to 
+29‰ (Figure 7.3). 
 
                            
Figure 7.3: Generalised core logs for the southern sector of the Platreef with an 
Upper Duitschland Formation and Timeball Hill Formation (respectively) 
showing average sulphur isotope values for different parts of the Platreef package. 
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In core AMK-021 from Farm Macalacaskop, where the footwall lithology is 
Timeball Hill Formation quartzites, the extent of the contamination from footwall 
material is not as pronounced with δ34S values averaging +2.9‰.  It should be 
noted that a slight decrease from +3.6‰ to +2.2‰ is observed with increasing 
height above the footwall (Figure 7.3).  Sulphide concentrations are again 
associated with the presence of footwall material and sulphur isotope values for 
these sulphides show a greater contribution of sulphur from an external source.  
This indicates the importance of the presence of footwall in the formation of 
sulphide mineralisation, supporting the observations made in cores where the 
footwall is Duitschland Formation.  
 
When multiple sulphur isotopes are examined in conjunction with these 
observations the source of the crustal sulphur within the Platreef can be 
constrained further.  Analyses of samples from core with a footwall of 
Duitschland Formation can be divided into three separate groups.  Group I has 
low ∆33S and δ34S values (0.17 – 0.19‰ and 1.25 – 2.03‰ respectively), whereas 
Group II is characterised by relatively high δ34S (4.84 - 6.43‰) and ∆33S (0.41 - 
0.57‰) values.  In contrast Group III has very low ∆33S values (0.07 – 0.17‰) 
but very high δ34S values (20.62 – 28.72‰).  Each of these groups coincides with 
specific parts of the Platreef package (Figure 7.4).  Group I comprises samples 
from the top of the Platreef package, which are suggested to be close to magmatic 
based on δ34S values alone.  The multiple-sulphur isotope analyses support this 
observation with ∆33S values being close to zero and therefore close to magmatic.  
Group II samples come from the bottom 175 m of the package, and are associated 
with hornfels rafts.  The ∆33S values for this group are relatively high and indicate 
that sulphur from a sedimentary source is present.  The samples from Group III 
are of sulphides from within the calc-silicate footwall of the Platreef.   
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Figure 7.4: Simplified core log of the Platreef where the footwall comprises 
Upper Duitschland Formation with multiple-sulphur isotope data for different 
sectors of the Platreef. 
 
When these Groups are plotted with multiple-sulphur isotopes from the 
Duitschland Formation a trend can be recognized (Figure 7.5).  Groups I and II 
form a mixing line between magmatic values and Lower Duitschland Formation 
sulphides, with the more contaminated Group II sulphides falling closer to the 
sedimentary samples.  Group III sulphides all appear to have originated from the 
Upper Duitschland Formation.  This implies that all of the sedimentary sulphur 
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component that is observed within the Platreef itself is from pyritic shales of the 
Lower Duitschland, whereas the direct footwall comprises metamorphosed 
dolomites of the Upper Duitschland Formation.  
 
The subsequent metamorphism of Lower Duitschland xenoliths released sulphur-
rich volatiles into the lower portion of the Platreef package, causing the formation 
of an immiscible sulphide liquid.  This immiscible sulphide liquid formed 
sulphide minerals that retained the crustal multiple-sulphur isotope signature.  
Mixing calculations indicate that up to 70% of the sulphur within these sulphides 
came from the Lower Duitschland.  With increasing distance from the source of 
this crustal signature the crustal contribution of sulphur decreases until any 
sulphide minerals that have formed have close to magmatic δ34S values. 
 
 
Figure 7.5:  Diagram plotting δ34S vs. ∆33S for both the Platreef (this study), and 
the Upper and Lower Duitschland Formations (Baker, 2006).  
 
In the Transvaal Supergroup, the Upper Duitschland Formation occurs 
stratigraphically above the Lower Duitschland, so it would be anticipated that 
rafts of Upper Duitschland Formation might occur within the Platreef, where the 
footwall is of Lower Duitschland.  However isotope analyses clearly indicate that 
this is not the case.  Several possibilities can be proposed as to why this occurs: 
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1. Faulted blocks may have juxtaposed Lower and Upper Duitschland in 
parts of southern sector of the Platreef. 
2. Thrusting has superimposed Lower Duitschland on top of Upper 
Duitschland in places. 
3. There is more isotopic variation within the Upper Duitschland than has 
been indicated with the current sampling density undertaken. 
 
It is beyond the scope of this thesis to favour any particular model, and further 
research is required to resolve this question.  It is suggested that a more  
comprehensive study is required in the southern sector of the Platreef to resolve 
the structure of the footwall in that area and identify any possible faulted blocks or 
thrusts that may have superimposed the Lower Duitschland over the Upper 
Duitschland in that area.  Also more detailed sampling should be undertaken 
within the Upper Duitschland Formation to resolve the possibility of more 
isotopic variation occurring than is currently identified. 
 
Oxygen isotope studies for this sector of the Platreef also support the presence of  
local crustal contamination in the system.  Elevated δ18O values (+6 to +9‰ for 
plagioclase, and +6.5 to +8.5‰ for pyroxene) in cores with a footwall of 
Duitschland Formation indicate a crustal oxygen component within the Platreef 
package.  The increased ∆18Oplag-px values also suggest that some sub-solidus re-
equilibration has occurred, probably due to the movement through the system of 
volatiles released from the metamorphosed footwall and xenoliths.  This is 
supported by the relatively low subsolidus temperatures recorded for the samples 
analysed. 
 
Northern Sector of the Platreef 
 
Within the northern sector of the Platreef, sulphur isotope data also indicates that 
there has been a contribution to the sulphides of sulphur from an external source 
which has aided in the formation of sulphide minerals.  However, in contrast to 
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the southern sector, the sulphide mineralisation in the northern sector occurs in the 
top half of the Platreef package (Figure 7.6) which is again linked to the presence 
of altered sulphur-bearing dolomite xenoliths which in the northern sector occur 
towards the hanging wall.  The main concentrations of sulphide minerals are 
associated with these xenoliths with much lower concentrations occurring in the 
lower portion of the Platreef (Figure 7.6), where the footwall is sulphur-poor 
granites. 
 
           
Figure 7.6:  Core logs with sulphur concentration (wt%) for cores PR-174 and PR-
174 respectively. 
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Sulphur isotopes in this sector again fall into two groups similar to that of the 
southern sector, with a close-to-magmatic group with an average δ34S value of 
+3.3‰, and a contaminated group with an average δ34S value of +6.4‰ (Figure 
7.7).  As in the southern sector the samples from the contaminated group are 
associated with sedimentary xenoliths and the lower, more magmatic δ34S values 
occur away from any sedimentary material.   
 
 
Figure 7.7:  Generalised core of the Platreef package on Farm Drenthe showing 
average sulphur isotope values for different parts of the Platreef. 
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It can therefore be suggested that sulphur was released with other volatiles from 
dolomite xenoliths, leading to the formation of sulphide minerals in the upper part 
of the package.  Again the source of these dolomite rafts must be considered, as 
the footwall in this sector of the Platreef is Archaean granite.  It is suggested that 
the most likely source of these rafts, given their location at the top of the package, 
is from the roof, which when the Platreef was intruded most likely comprised 
Malmani dolomites.   
 
When the observations from both the southern and northern sectors of the Platreef 
are compared and combined with pre-existing data for the central sector, several 
general observations can be made. 
 
1. The entire length of the Platreef has been affected by contamination from 
crustal sulphur sources to some degree.  This contamination is suggested 
to be from volatile-rich fluids which were released from metasedimentary 
crustal xenoliths and footwall during metamorphism.  It is unlikely that the 
sulphur was incorporated by whole rock assimilation of xenolithic 
metasedimentary material as there is no geochemical evidence for major 
and trace element contamination close to xenoliths (Kinnaird, 2005). 
2. The proximity between sulphide enrichment and sulphur-bearing 
sediments (as footwall or xenoliths) is important and indicates the source 
of the sulphur which led to sulphide formation.   
3. Contamination occurred on a localised scale, depending on the 
composition of the sedimentary lithologies and the proximity of the 
contaminant to the magma.  In the southern sector of the Platreef the 
source of the sulphur is almost certainly pyritic shales of the Lower 
Duitschland Formation.  In the central sector, sulphur has most likely 
come from sulphur-rich dolomites and evaporites from the Malmani 
dolomites.  In the northern sector, sulphur-rich fluids were released from 
Malmani dolomite rafts that collapsed from the roof into the magma 
during the emplacement of the Platreef.  The Archaean footwall in this 
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area has had little or no control on the formation of the sulphides within 
the Platreef. 
 
This model is slightly different from that previously proposed by authors who 
have presented sulphur isotope analyses from the Platreef.  Buchanan et al. (1981) 
and Buchanan and Rouse (1984) proposed that crustal sulphur contributed to the 
formation of sulphide within the Platreef but suggested that this sulphur came 
only from anhydrites within the Malmani Subgroup.  Manyeruke et al. (2005) 
concluded that crustal sulphur had contributed to the formation of sulphides on the 
Farm Townlands in the southern sector of the Platreef but did not propose a 
source.  In contrast Liebenberg (1968) and Hulbert (1983) both concluded that no 
crustal sulphur had been added to the Platreef system and that formation of 
sulphides was a purely magmatic process.   
 
Holwell et al. (2005) and Holwell and McDonald (2006) proposed that in the 
northern sector of the Platreef on Farm Overysel there has been no crustal sulphur 
contribution to the formation of sulphides, although they do note the presence of 
slightly heavy δ34S values within the footwall of the cores studied.  This study 
however indicates that this is not strictly the case in the northern sector, with the 
presence of calc-silicate xenoliths contributing crustal sulphur to the system and 
playing an important role in the formation of sulphides. 
 
Hutchinson and Kinnaird (2005) noted the importance of metasedimentary 
material in the formation of PGE mineralisation within the southern sector of the 
Platreef.  In the upper part of the Platreef the PGMs occur as relatively primary 
ores such as sperrylite and are associated with sulphides.  Lower in the Platreef 
package the PGMs become more varied and occur as bismuthides, arsenides and 
tellurides and no longer occur within sulphides.  The authors commented that 
volatile-rich fluids moving through the system were responsible for the re-
mobilisation of PGMs, as well as the more varied mineralogy observed in the 
lower part of the Platreef.  This is supported by the model presented in this study, 
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with these volatile-rich fluids not only re-mobilising PGMs but also leading to the 
formation and concentration of sulphides.   
 
Several authors have proposed that the Platreef was intruded in a series of 
magmatic events rather than as one intrusion (Kinnaird, 2005; Mothetha, 2006).  
This study cannot particularly comment on the validity of this model, as the 
contribution of crustal sulphur to the system occurred post-emplacement.  It is 
however clear that the presence of metasedimentary material creates isotopically 
different packages in the Platreef system which could be due to several magmatic 
events.   
 
Similar Global Deposits 
 
There are several similar deposits globally which also exhibit a dependence on 
proximity to sulphur-bearing crustal material to aid in the formation of sulphide 
minerals.  These include Noril’sk (Siberia), the Duluth Complex (North America), 
Voisey’s Bay (Canada), Pechenga (Russia), Kambalda (Australia) and Raglan 
(Canada).  A comparison between some of these deposits and the Platreef is 
therefore appropriate with specific focus on the formation of sulphide 
mineralisation. 
 
Noril’sk, Siberia 
The Noril’sk Ni-Cu sulphide deposits comprise part of an extensive ultramafic-
mafic intrusive sequence which formed in conjunction with the Permian-Triassic 
flood basalts in Siberia (Figure 7.8).  These magmas were intruded into a 
sequence of Palaeozoic sediments that mark repeated marine transgressions and 
regressions (Figure 7.8).  These sediments comprise dolomite, limestone, argillite, 
calcareous and dolomitic marl, and sulphur-rich evaporites which are overlain by 
coal.  This sedimentary sequence is overlain by flood basalts.  In many areas the 
ultramafic - mafic intrusives have caused the formation of breccias, which contain 
‘hornfelsed and metasomatised’ sandstones, argillites, basalts and coal (Naldrett, 
2004).  The sulphide mineralisation at Noril’sk is generally focused in a massive 
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sulphide body at the base of the intrusion; with some mineralisation disseminated 
above this.   
 
 
Figure 7.8: Geological cross-section of part of the Noril’sk deposits, after Naldrett 
et al. 1992. 
 
Sulphur isotope analyses conducted by Godlevsky and Grinenko (1963), 
Gorbachev and Grinenko (1973), Grinenko (1985a,b) and Li et al. (2003) indicate 
that there is a crustal sulphur component within the Noril’sk deposits, with δ34S 
values ranging from +5 to +15‰.  These authors also noted that there was little 
difference between the various deposits or different ore types.  Analysis of a 
sulphide-poor gabbrodolerite in the area yielded sulphur isotope values of -1.3 and 
+3.6‰ (Li et al, 2003) which is similar to values for unmineralised intrusions in 
the area (Grinenko, 1985a).  Authors agree that the sulphur which contributed to 
the formation of these sulphide deposits was most likely derived from sulphur-
rich evaporites within the footwall sediments, and suggest that the presence of 
coal may have aided in the assimilation of the sulphur by the magma.  The sulphur 
isotope analyses support the conclusions that sulphur was added to the system by 
an external source, similar to the evidence seen in the Platreef. 
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Duluth Complex, North America 
The Duluth Complex is a 240 km long, north-east striking intrusion, which on its 
western margin discordantly overlies the Animikie sediments, cutting into lower 
strata from south to north (Naldrett, 2004) (Figure 7.9).  The mineralised zones of 
this deposit are characterised by numerous xenoliths of country rock of the 
Virginian and Biwabik Formations.  These inclusions include hornfelsed slate, 
which occurs even where the footwall is granite.  In the ‘Local Boy’ area of the 
intrusion these xenoliths are surrounded by an alteration halo of norite and 
sulphides. 
 
Sulphur isotope analyses have been conducted on various sedimentary footwall 
lithologies of the Duluth Complex by Mainwaring and Naldrett (1977), and 
yielded δ34S values of between +11 and +18‰.  Ripley (1981) examined sulphur 
isotopes for the Dunka Road deposit within the complex, which yielded values of 
+0.2 to +15.3‰, which he noted to be similar to the range of δ34S values found for 
pyrrhotites within the Virginia Formation sedimentary sequence.  Ripley (1986) 
concluded that the sulphur within the sulphide deposits of the Duluth Complex 
came from country rock, and that this contamination occurred in situ, with no 
widespread equilibrium.  It was also noted that this sulphur was most likely 
introduced as a volatile phase rather than being the result of whole-rock 
assimilation. 
 
The parallels of the Duluth Complex and the Platreef are striking.  Both deposits 
transgress their footwall lithologies, and contain xenoliths of country rock 
material, which are associated with enrichment of sulphide mineralisation.  The 
sulphur isotope analyses reinforce the interpretation that the source of the sulphur 
is of local derivation from the country rock and that this contamination of sulphur 
occurs on a very local scale, and occurred as the addition of a volatile-rich phase. 
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Figure 7.9: Geological map of the Duluth Complex, from Naldrett, 2004, W and 
GM indicate basement highs. 
 
Voisey’s Bay, Canada 
The Voisey’s Bay deposit in Canada transects the Proterozoic Churchill Province, 
which comprises reworked Archaean rocks and Proterozoic interbanded garnet-
sillimanite and sulphide- and graphite-bearing quartzo-feldspathic paragneisses; 
and the Archaean Nain Province which comprises interbanded granitic, 
intermediate and mafic orthogneisses (Naldrett, 2004) (Figure 7.10).  The deposit 
itself comprises two troctolitic intrusions.  The sulphides within this deposit are 
often associated with the Basal Breccia Sequence (BBS) which contains 
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inclusions of both country rock ultramafics and gneisses.  Li and Naldrett (2000) 
noted that these inclusions have reacted extensively with the magma which 
formed the deposit. 
 
Ripley et al. (1999) examined the sulphur isotope values of a variety of ores that 
make up the Voisey’s Bay deposit.  The disseminated ores of the Eastern Deeps 
had δ34S values of -2.0 to +2.7‰, the massive ore of the Ovoid and Mini-Ovoid 
had sulphur isotope values of -2.1 to 0‰, and disseminated mineralisation from 
the Reid Brook Zone was found to have δ34S values of -4.1 to +1.4‰.  Pyrrhotite 
from the Tasivyak gneiss from the Churchill Province had δ34S values of -17.0 to -
0.9‰, whereas the Nain gneiss had sulphur isotope values from +0.2 to +3.3‰.  It 
was determined that there was a general decrease in sulphur isotopes within the 
deposit to the west, and therefore more sulphur was derived from the Tasivyak 
gneiss in the western part of the deposit than in the east. 
 
 
Figure 7.10: Geological map of the area of the Voisey’s Bay Deposit (from Li and 
Naldrett, 1999). 
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Again this deposit indicates the importance of the association of sulphide 
mineralisation with country rock material, and the role sulphur isotopes play in 
determining the source of sulphur. 
 
Conclusions 
 
This study has positively identified pyritic shales from the Lower Duitschland 
Formation of the Transvaal Supergroup as the main source of crustal sulphur 
within sulphide mineralisation in the southern sector of the Platreef.  In contrast 
the northern sector of the Platreef concentrations of sulphide mineralisation can be 
attributed to crustal sulphur that has been added to the system from sulphur-rich 
dolomites most likely from the Malmani Subgroup in the roof of the Platreef.   
 
The sulphur most likely enters the system within a volatile rich fluid that formed 
during the metamorphism of crustal metasedimentary material with the result that 
sulphide mineralisation was concentrated in areas where sulphur-bearing 
sedimentary rocks were present.  This oxygen-, sulphur-, and other volatile-rich 
fluid also causes the sub-solidus recrystallisation of silicate minerals, as well as 
the re-mobilisation of PGEs (Hutchinson and Kinnaird, 2005). 
 
The evidence that supports the importance of an external source of sulphur in 
aiding the formation of sulphides within the Platreef that has been presented by 
this study can also been seen in a variety of other sulphide deposits globally.  The 
use of sulphur isotopes has been successfully applied to such deposits as the 
Duluth Complex and Noril’sk.  The association of sulphur-bearing country rock, 
as footwall and xenoliths, with magmatic sulphides has been observed at Voisey’s 
Bay, Noril’sk, Duluth, Pechenga, Kambalda, and Raglan.  Equally important is 
the frequent observation that these external sources are more localised than 
regional, which concurs with the data for the Platreef.  This conclusion is in 
contrast to the regional contamination proposed by previous authors (Buchanan et 
al, 1981; Buchanan and Rouse, 1984). 
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Data from multiple-sulphur isotope analysis has played a pivotal role in allowing 
the full understanding of the dynamics involved in the formation of sulphides 
within the Platreef.  Thus this relatively new tool, which has never before been 
applied to the understanding of such an ore deposit, will become indispensable in 
the interpretation of Archaean to early Proterozoic sulphide deposits in the future. 
 
The understanding of the formation of the Platreef is an ongoing work, with the 
understanding of the formation of sulphides within the Platreef playing an 
important part towards this understanding.  The extent that the role of 
contamination played in the formation of this deposits has yet to be fully 
understood, and will be an ongoing research topic for the future.   
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pl
ag
io
cl
as
e,
 m
ay
 b
e 
so
m
e 
co
ar
se
 
gr
ai
ne
d 
la
th
s 
of
 b
io
tit
e.
Fi
ne
 g
ra
in
ed
 in
te
rs
tit
ia
l s
ul
ph
id
es
 (1
-3
m
m
) v
ar
y 
in
 
co
m
po
si
tio
n 
bu
t a
re
 u
su
al
ly
 c
ha
lc
op
yr
ite
 
do
m
in
at
ed
, p
yr
rh
ot
ite
 <
50
%
.
A
TS
-5
7/
10
2.
79
Fe
ld
sp
at
hi
c 
P
yr
ox
en
ite
10
2.
69
10
2.
89
A
31
98
A
lte
re
d 
(s
er
ic
iti
se
d)
 p
la
gi
oc
la
se
 a
nd
 
py
ro
xe
ne
 w
ith
 m
in
or
 a
ss
oc
ia
te
d 
bi
ot
ite
.
Fi
ne
 g
ra
in
ed
 s
ul
ph
id
e 
(1
-2
m
m
) b
le
b.
  A
pp
ea
rs
 to
 
ha
ve
 p
rim
ar
y 
py
rr
ho
tit
e 
do
m
in
at
in
g 
it 
(7
0%
) w
ith
 
ch
al
co
py
rit
e 
(1
5%
) a
nd
 p
en
tla
nd
ite
 (1
5%
) 
oc
cu
rin
g 
as
 a
 la
te
r s
ta
ge
 ri
m
.
A
TS
-5
7/
11
8.
78
P
yr
ox
en
ite
11
8.
70
11
8.
86
A
31
99
C
um
ul
us
 o
px
 a
nd
 c
px
 w
ith
 
in
te
rs
tit
ia
l p
la
gi
oc
la
se
 a
nd
 m
in
or
 
bi
ot
ite
.  
S
om
e 
m
in
or
 s
er
ic
iti
sa
tio
n.
S
ul
ph
id
es
 a
re
 fi
ne
 g
ra
in
ed
 (1
-2
m
m
) a
nd
 
in
te
rs
tit
ia
l. 
 O
ne
 a
re
a 
of
 g
ra
in
s 
is
 9
9%
 p
yr
rh
ot
ite
 
w
ith
 s
om
e 
ve
ry
 m
in
or
 c
ha
lc
op
yr
ite
 (1
%
), 
 a
no
th
er
 
ar
ea
 o
f g
ra
in
s 
is
 7
5%
 p
yr
rh
ot
ite
 w
ith
 2
5%
 
ch
al
co
py
rit
e 
oc
cu
rin
g 
on
 th
e 
rim
 o
f t
he
 g
ra
in
s.
A
PP
EN
D
IX
 3
S
am
pl
e 
D
es
cr
ip
tio
ns
 fo
r c
or
e 
A
M
K
-0
21
Sa
m
pl
e 
N
o.
Fr
om
To
Sa
m
pl
e 
D
es
cr
ip
tio
n
Su
lp
hi
de
s
A
M
K
02
1/
10
9.
09
10
8.
93
10
9.
25
M
ed
iu
m
 g
re
y 
w
ith
 m
in
or
 w
hi
te
 p
at
ch
es
, m
ed
iu
m
 
gr
ai
ne
d 
(~
3-
4 
m
m
), 
co
m
po
se
d 
of
 in
te
rlo
ck
in
g 
cu
m
ul
us
 p
yr
ox
en
e 
cr
ys
ta
ls
 (8
0%
) w
ith
 in
te
rs
tit
al
 
pl
ag
io
cl
as
e 
(1
5%
). 
FE
LD
S
P
A
TH
IC
 P
Y
R
O
X
E
N
IT
E
5%
, a
ll 
in
te
rs
tit
ia
l s
ul
ph
id
es
 (1
-5
 m
m
), 
co
m
po
se
d 
pr
im
ar
ily
 
of
 p
yr
rh
ot
ite
 w
ith
 m
in
or
 c
ha
lc
op
yr
ite
.
A
M
K
-0
21
/1
25
.7
6
12
5.
62
12
5.
90
M
ed
iu
m
 g
ra
in
ed
, w
ith
 c
um
ul
us
 p
yr
ox
en
es
 a
nd
 
pl
ag
io
cl
as
e,
 a
ls
o 
in
te
rs
tit
ia
l p
la
g.
  S
om
e 
se
rp
en
tin
is
at
io
n 
is
 p
re
se
nt
.  
G
A
B
B
R
O
N
O
R
IT
E
3%
, b
le
bb
y,
 fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 (1
 - 
4 
m
m
). 
 D
om
in
at
ed
 
by
 p
yr
rh
ot
ite
, t
oo
 fi
ne
 g
ra
in
ed
 to
 s
ee
 d
et
ai
le
d 
m
in
er
al
og
y.
A
M
K
02
1/
21
8.
40
21
8.
24
21
8.
55
M
ed
iu
m
 g
re
y 
to
 b
la
ck
, m
ed
iu
m
 g
ra
in
ed
 (~
4 
m
m
), 
co
m
po
se
d 
pr
im
ar
ily
 o
f p
yr
ox
en
e 
(9
5%
) w
ith
 m
in
or
 
bi
ot
ite
 (3
%
). 
P
Y
R
O
X
E
N
IT
E
2%
, b
le
bb
y 
su
lp
hi
de
s 
(2
-4
 m
m
), 
pr
im
ar
ily
 p
yr
rh
ot
ite
.
A
M
K
-0
21
/2
22
.0
6
22
1.
88
22
2.
24
Fi
ne
 to
 c
oa
rs
e 
gr
ai
ne
d,
 w
ith
 c
um
ul
us
 p
yr
ox
en
es
 
an
d 
m
in
or
 in
te
rs
tit
ia
l p
la
gi
oc
la
se
.  
La
rg
e 
pe
rc
en
ta
ge
 o
f s
er
pe
nt
in
is
at
io
n,
 w
ith
 th
e 
re
-
cr
ys
ta
lli
sa
tio
n 
of
 p
yr
ox
en
es
 a
ls
o 
oc
cu
rin
g.
  
FE
LD
S
P
A
TH
IC
 P
Y
R
O
X
E
N
IT
E
3%
, f
in
e 
gr
ai
ne
d 
(1
 - 
2m
m
), 
in
te
rs
tit
ia
l s
ul
ph
id
es
.  
To
o 
fin
e-
gr
ai
ne
d 
to
 d
et
er
m
in
e 
su
lp
hi
de
 m
in
er
al
 p
er
ce
nt
ag
es
.
A
M
K
02
1/
22
7.
15
22
7.
07
22
7.
23
D
ar
k 
gr
ey
 to
 b
la
ck
 w
ith
 w
hi
te
 in
te
rs
tit
al
 s
ec
to
rs
, 
m
ed
iu
m
 g
ra
in
ed
 (~
4 
m
m
), 
co
ns
is
tin
g 
of
 c
um
ul
us
 
py
ro
xe
ne
 (7
0%
) w
ith
 in
te
rs
tit
ia
l p
la
gi
oc
la
se
 (1
5%
). 
 
S
ec
to
rs
 o
f t
he
 c
or
e 
ar
e 
co
m
po
se
d 
of
 fi
ne
-g
ra
in
ed
 
se
rp
en
tin
ite
. F
E
LD
S
P
A
TH
IC
 P
Y
R
O
X
E
N
IT
E
15
%
, b
le
bb
y 
an
d 
in
te
rs
tit
ia
l s
ul
ph
id
es
 (1
-5
 m
m
), 
co
m
po
se
d 
pr
im
ar
ily
 o
f p
yr
rh
ot
ite
 (9
0%
) w
ith
 tr
ac
e 
ch
al
co
py
rit
e 
(1
0%
).
A
M
K
-0
21
/2
32
.6
2
23
2.
49
23
2.
75
C
oa
rs
e 
to
 v
er
y 
co
ar
se
 g
ra
in
ed
, w
ith
 c
um
ul
us
 
py
ro
xe
ne
s 
an
d 
m
in
or
 in
te
rs
tit
ia
l p
la
gi
oc
la
se
.  
P
yr
ox
en
es
 h
av
e 
be
en
 s
lig
ht
ly
 a
lte
re
d.
  
P
Y
R
O
X
E
N
IT
E
5%
, b
le
bb
y 
su
lp
hi
de
s,
 fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 (1
 - 
3 
m
m
). 
 
To
o 
fin
e-
gr
ai
ne
d 
to
 d
et
er
m
in
e 
m
in
er
al
og
y.
A
M
K
-0
21
/2
35
.3
1
23
5.
23
23
5.
38
C
oa
rs
e 
to
 v
er
y 
co
ar
se
 g
ra
in
ed
, w
ith
 c
um
ul
us
 
py
ro
xe
ne
s 
an
d 
in
te
rs
tit
ia
l p
la
gi
oc
la
se
.  
A
pp
ea
rs
 to
 
be
 a
lte
re
d,
 w
ith
 s
er
pe
nt
in
is
at
io
n 
oc
cu
rin
g 
in
 p
la
ce
s.
 
FE
LD
S
P
A
TH
IC
 P
Y
R
O
X
E
N
IT
E
10
%
, c
oa
rs
e 
to
 v
er
y 
co
ar
se
 g
ra
in
ed
 b
le
bs
.  
S
m
al
le
r b
le
bs
 
ar
e 
py
rr
ho
tit
e 
do
m
in
at
ed
, w
ith
 c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
 
oc
cu
rin
g 
on
 th
e 
rim
s.
  V
er
y 
co
ar
se
 g
ra
in
ed
 b
le
bs
 a
re
 7
5%
 
ch
al
co
py
rit
e,
 w
ith
 2
5%
 p
en
tla
nd
ite
 o
cc
ur
in
g 
as
 c
ro
ss
-c
ut
tin
g 
ve
in
s.
A
M
K
02
1/
23
6.
68
23
6.
54
23
6.
82
M
ed
iu
m
 g
re
y 
, f
in
e-
gr
ai
ne
d 
(1
-2
 m
m
), 
sh
ow
s 
sm
al
l 
re
cr
ys
ta
lli
ze
d 
pl
ag
io
cl
as
e 
cr
ys
ta
ls
 (5
0%
) b
ou
nd
 b
y 
in
te
rs
tit
ia
l p
yr
ox
en
e 
(4
0%
), 
m
od
er
at
el
y 
se
rp
en
tin
is
ed
, s
al
t a
nd
 p
ep
pe
r t
ex
tu
re
. N
O
R
IT
E
10
%
, f
in
e-
gr
ai
ne
d 
(1
 m
m
), 
oc
cu
rin
g 
as
 d
is
se
m
in
at
ed
 c
ry
st
al
s 
an
d 
st
rin
ge
rs
 in
 d
is
cr
ee
t f
in
e-
gr
ai
ne
d 
py
ro
xe
ne
 p
at
ch
es
 
(r
ec
ry
st
al
liz
ed
 x
en
ol
ith
s?
).
A
M
K
-0
21
/2
40
.6
2
24
0.
37
24
0.
86
P
al
e 
gr
ey
, m
as
si
ve
, p
os
si
bl
y 
al
te
re
d 
py
ro
xe
ne
s 
w
ith
 s
er
pe
nt
in
ite
.  
A
ls
o 
so
m
e 
pl
ag
io
cl
as
e.
  
FE
LD
S
P
A
TH
IC
 P
Y
R
O
X
E
N
IT
E
5%
, F
in
e 
to
 c
oa
rs
e 
gr
ai
ne
d 
bl
eb
by
 s
ul
ph
id
es
 (1
 - 
10
 m
m
). 
 
80
%
 p
yr
rh
/p
en
t, 
20
%
 c
ha
lc
op
yr
ite
 o
cc
ur
in
g 
ar
ou
nd
 th
e 
rim
s 
of
 b
le
bs
.
A
M
K
02
1/
34
3.
14
34
2.
97
34
3.
30
D
ar
k 
gr
ey
 - 
bl
ac
k,
 m
ed
iu
m
 g
ra
in
ed
 (2
-4
 m
m
), 
m
as
si
ve
 a
nd
 h
om
og
en
eo
us
, c
om
po
se
d 
en
tir
el
y 
of
 
in
te
rlo
ck
in
g 
py
ro
xe
ne
 c
ry
st
al
s 
(9
5%
) w
ith
 m
in
or
 
bi
ot
ite
 (4
%
) a
nd
 ra
re
 s
ul
ph
id
es
. P
Y
R
O
X
E
N
IT
E
1%
, o
cc
ur
in
g 
as
 d
is
se
m
in
at
ed
 s
ul
ph
id
e 
bl
eb
s 
(~
1 
m
m
), 
pr
im
ar
ily
 p
yr
rh
ot
ite
.
A
TS
-5
7/
14
0.
14
P
ar
ap
yr
ox
en
ite
14
0.
07
14
0.
20
A
32
00
C
um
ul
us
 o
px
 a
nd
 c
px
 w
ith
 
in
te
rs
tit
ia
l p
la
gi
oc
la
se
 a
nd
 m
in
or
 
bi
ot
ite
 a
ss
oc
ia
te
d 
w
ith
 g
ra
ph
ite
 
ve
in
s.
  M
in
or
 s
er
ic
iti
sa
tio
n.
S
ul
ph
id
es
 a
re
 a
ss
oc
ia
te
d 
w
ith
 v
ei
ns
 o
f g
ra
ph
ite
.  
D
om
in
an
tly
 p
yr
rh
ot
ite
 (9
0%
) w
ith
 s
om
e 
m
in
or
 
ch
al
co
py
rit
e.
A
TS
-5
7/
15
1.
40
P
yr
ox
en
ite
15
1.
31
15
1.
49
A
32
01
A
P
eg
m
at
oi
da
l, 
do
m
in
at
ed
 b
y 
op
x,
 
so
m
e 
cp
x.
  P
la
gi
oc
la
se
 is
 in
te
rs
tit
ia
l, 
so
m
e 
m
in
or
 b
io
tit
e 
oc
cu
rs
.  
Th
er
e 
ar
e 
so
m
e 
zo
ne
s 
of
 s
er
ic
iti
sa
tio
n.
S
ul
ph
id
es
 o
cc
ur
 a
s 
fin
e 
in
te
rs
tit
ia
l g
ra
in
s 
(<
1m
m
) 
an
d 
ha
ve
 a
pp
ea
r t
o 
ha
ve
 b
ee
n 
pa
rti
al
ly
 d
is
so
lv
ed
 
by
 fl
ui
ds
 w
hi
ch
 a
ls
o 
ca
us
ed
 th
e 
se
ric
iti
sa
tio
n.
  
C
om
po
st
io
n 
of
 g
ra
in
s 
va
rie
s 
- 5
0%
 p
yr
rh
ot
ite
, 5
0%
 
pe
nt
la
nd
ite
 / 
60
%
 p
yr
rh
ot
ite
, 4
0%
 c
ha
lc
op
yr
ite
 / 
90
%
 p
en
tla
nd
ite
, 1
0%
 p
yr
rh
ot
ite
 (o
cc
ur
in
g 
as
 
fla
m
e 
la
m
el
la
e)
.
A
TS
-5
7/
15
1.
40
P
yr
ox
en
ite
15
1.
31
15
1.
49
A
32
01
B
P
eg
m
at
oi
da
l, 
do
m
in
at
ed
 b
y 
op
x,
 
so
m
e 
cp
x.
  P
la
gi
oc
la
se
 is
 in
te
rs
tit
ia
l, 
so
m
e 
m
in
or
 b
io
tit
e 
oc
cu
rs
.  
Th
er
e 
ar
e 
so
m
e 
zo
ne
s 
of
 s
er
ic
iti
sa
tio
n.
S
ul
ph
id
es
 a
re
 fi
ne
 g
ra
in
ed
 (1
-2
m
m
) a
nd
 
in
te
rs
tit
ia
l. 
 T
he
y 
ap
pe
ar
 to
 h
av
e 
be
en
 p
ar
tia
lly
 
di
ss
ol
ve
d 
by
 s
er
ic
iti
sa
tio
n.
  T
he
se
 s
ul
ph
id
es
 a
re
 
ei
th
er
 1
00
%
 p
en
tla
nd
ite
 o
r 1
00
%
 c
ha
lc
op
yr
ite
.  
S
ul
ph
id
es
 a
ls
o 
oc
cu
r a
s 
ve
in
le
ts
 w
ith
 p
yr
ox
en
es
 - 
th
es
e 
ar
e 
90
%
 c
ha
lc
op
yr
ite
 w
ith
 1
0%
 p
en
tla
nd
ite
 
oc
cu
rin
g 
on
 th
e 
ed
ge
s 
of
 th
e 
ve
in
le
ts
.  
A
TS
-5
7/
18
0.
64
Fe
ld
sp
at
hi
c 
P
yr
ox
en
ite
18
0.
59
18
0.
69
A
32
02
Fi
ne
 g
ra
in
ed
, c
um
ul
us
 o
px
, c
px
 w
ith
 
in
te
rs
tit
ia
l p
la
gi
oc
la
se
, m
in
or
 b
io
tit
e.
  
S
om
e 
se
ric
iti
sa
tio
n 
ha
s 
oc
cu
rr
ed
.
S
ul
ph
id
es
 o
cc
ur
 a
s 
fin
e 
gr
ai
ne
d 
(1
-2
m
m
) 
in
te
rs
tit
ia
l b
le
bs
 w
ith
 v
ar
yi
ng
 c
om
po
si
tio
n.
  
D
om
in
at
ed
 b
y 
py
rr
ho
tit
e 
(8
0 
- 9
5%
) w
ith
 m
in
or
 
ch
al
co
py
rit
e 
(0
 - 
15
%
) a
nd
 p
en
tla
nd
ite
 (1
 - 
10
%
).
A
TS
-5
7/
21
8.
39
P
yr
ox
en
ite
21
8.
26
21
8.
51
A
32
03
A
P
re
do
m
in
an
tly
 o
px
, w
ith
 m
in
or
 
pl
ag
io
cl
as
e 
an
d 
bi
ot
ite
.  
G
ra
in
s 
ha
ve
 
be
en
 p
ar
tia
lly
 d
is
so
lv
ed
 b
y 
su
lp
hi
de
s,
 g
iv
in
g 
th
em
 a
 ro
un
de
d 
ap
pe
ra
nc
e.
S
ul
ph
id
es
 a
re
 'n
et
-te
xt
ur
ed
' o
cc
ur
in
g 
as
 a
 'm
at
rix
' 
fo
r t
he
 s
ili
ca
te
s.
  D
om
in
an
tly
 p
yr
rh
ot
ite
 (8
0%
), 
w
ith
 
ch
al
co
py
rit
e 
(1
0%
) a
nd
 p
en
tla
nd
ite
 (1
0%
) 
oc
cu
rr
in
g 
to
ge
th
er
 in
 p
at
ch
es
 a
nd
 v
ei
nl
et
s 
th
ro
ug
h 
th
e 
py
rr
ho
tit
e.
A
TS
-5
7/
21
8.
39
P
yr
ox
en
ite
21
8.
26
21
8.
51
A
32
03
B
Fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 c
um
ul
us
 
op
x 
an
d 
cp
x 
w
ith
 in
te
rs
tit
ia
l 
pl
ag
io
cl
as
e.
  S
om
e 
m
ed
iu
m
 g
ra
in
ed
 
bi
ot
ite
 la
th
es
.
S
ul
ph
id
es
 a
re
 fi
ne
-g
ra
in
ed
 (<
1m
m
) a
nd
 in
te
rs
tit
ia
l. 
Th
ey
 a
re
 d
om
in
an
tly
 c
ha
lc
op
yr
ite
 (9
0%
) w
ith
 
so
m
e 
m
in
or
 p
en
tla
nd
ite
 (1
0%
) o
cc
ur
rin
g 
on
 th
e 
rim
s 
of
 th
e 
gr
ai
ns
.
A
TS
-5
7/
21
8.
39
P
yr
ox
en
ite
21
8.
26
21
8.
51
A
32
03
C
O
px
, c
px
 a
nd
 p
la
g 
oc
cu
r a
s 
co
ar
se
-
gr
ai
ne
d 
ro
un
de
d 
cl
as
ts
 th
at
 h
av
e 
be
en
 s
er
ic
iti
se
d.
  T
he
y 
co
nt
ai
n 
in
cl
us
io
ns
 o
f c
hl
or
ite
 a
nd
 b
io
tit
e.
S
ul
ph
id
es
 a
re
 'n
et
-te
xt
ur
ed
' o
cc
ur
in
g 
as
 a
 'm
at
rix
' 
fo
r t
he
 s
ili
ca
te
s.
  D
om
in
an
tly
 p
yr
rh
ot
ite
 (9
0%
), 
w
ith
 
ch
al
co
py
rit
e 
(7
%
) a
nd
 p
en
tla
nd
ite
 (3
%
) o
cc
ur
in
g 
to
ge
th
er
 in
 p
at
ch
es
 a
nd
 v
ei
nl
et
s 
th
ro
ug
h 
th
e 
py
rr
ho
tit
e.
A
TS
-5
7/
22
1.
39
M
as
si
ve
 
S
ul
ph
id
e 
/ 
P
yr
ox
en
ite
22
1.
33
22
1.
45
A
32
04
A
1
Fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 c
um
ul
us
 
or
th
o-
 a
nd
 c
lin
op
yr
ox
en
e 
th
at
 h
av
e 
be
en
 h
ig
hl
y 
se
ric
iti
se
d,
 a
nd
 h
av
e 
as
so
ci
at
ed
 b
io
tit
e.
  T
he
y 
ha
ve
 b
ee
n 
ro
un
de
d.
S
ul
ph
id
es
 a
re
 'n
et
-te
xt
ur
ed
' o
cc
ur
in
g 
as
 a
 'm
at
rix
' 
fo
r t
he
 s
ili
ca
te
s.
  D
om
in
an
tly
 p
yr
rh
ot
ite
 (8
0%
), 
w
ith
 
ch
al
co
py
rit
e 
(1
5%
) a
nd
 p
en
tla
nd
ite
 (5
%
) o
cc
ur
in
g 
to
ge
th
er
 in
 p
at
ch
es
 a
nd
 v
ei
nl
et
s 
th
ro
ug
h 
th
e 
py
rr
ho
tit
e.
  S
om
e 
su
lp
hi
de
s 
oc
cu
r w
ith
in
 w
ith
 th
e 
ro
un
de
d 
si
lic
at
es
 a
nd
 a
re
 d
om
in
an
tly
 c
ha
lc
op
yr
ite
.
A
TS
-5
7/
22
1.
39
M
as
si
ve
 
S
ul
ph
id
e 
/ 
P
yr
ox
en
ite
22
1.
33
22
1.
45
A
32
04
A
2
Fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 c
um
ul
us
 
or
th
o-
 a
nd
 c
lin
op
yr
ox
en
e 
th
at
 h
av
e 
be
en
 h
ig
hl
y 
se
ric
iti
se
d,
 a
nd
 h
av
e 
as
so
ci
at
ed
 b
io
tit
e.
  S
ul
ph
id
es
 h
av
e 
pa
rti
al
ly
 d
is
so
lv
ed
 th
e 
si
lic
at
es
 
gi
vi
ng
 th
em
 a
 ro
un
de
d 
ap
pe
ra
nc
e.
S
ul
ph
id
es
 a
re
 'n
et
-te
xt
ur
ed
' o
cc
ur
in
g 
as
 a
 'm
at
rix
' 
fo
r t
he
 s
ili
ca
te
s.
  D
om
in
an
tly
 p
yr
rh
ot
ite
 (8
0%
), 
w
ith
 
ch
al
co
py
rit
e 
(1
5%
) a
nd
 p
en
tla
nd
ite
 (5
%
) o
cc
ur
in
g 
to
ge
th
er
 in
 p
at
ch
es
 a
nd
 v
ei
nl
et
s 
th
ro
ug
h 
th
e 
py
rr
ho
tit
e.
  S
om
e 
su
lp
hi
de
s 
oc
cu
r w
ith
in
 th
e 
ro
un
de
d 
si
lic
at
es
 a
nd
 h
av
e 
va
ry
in
g 
co
m
po
si
tio
ns
 
al
th
ou
gh
 a
re
 u
su
al
ly
 c
ha
lc
op
yr
ite
 d
om
in
at
ed
 w
ith
 
as
so
ci
at
ed
 p
yr
rh
ot
ite
.
A
TS
-5
7/
22
1.
39
M
as
si
ve
 
S
ul
ph
id
e 
/ 
P
yr
ox
en
ite
22
1.
33
22
1.
45
A
32
04
B
S
ili
ca
te
s 
ar
e 
fin
e 
to
 c
oa
rs
e 
gr
ai
ne
d,
 
ha
ve
 b
ee
n 
pa
rti
al
ly
 d
is
so
lv
ed
 b
y 
su
lp
hi
de
s 
gi
vi
ng
 th
em
 a
 ro
un
de
d 
ap
pe
ra
nc
e,
 a
nd
 a
re
 p
ar
tia
lly
 
se
ric
iti
se
d.
  D
om
in
an
tly
 o
px
, w
ith
 
so
m
e 
cp
x 
an
d 
pl
ag
.
S
ul
ph
id
es
 a
re
 'n
et
-te
xt
ur
ed
' o
cc
ur
rin
g 
as
 a
 'm
at
rix
' 
fo
r t
he
 s
ili
ca
te
s.
  D
om
in
an
tly
 p
yr
rh
ot
ite
 (7
0%
), 
w
ith
 
ch
al
co
py
rit
e 
(2
0%
) a
nd
 p
en
tla
nd
ite
 (1
0%
) 
oc
cu
rr
in
g 
to
ge
th
er
 in
 p
at
ch
es
 a
nd
 v
ei
nl
et
s 
th
ro
ug
h 
th
e 
py
rr
ho
tit
e.
  
A
TS
-5
7/
26
8.
15
Fe
ld
sp
at
hi
c 
P
yr
ox
en
ite
26
8.
07
26
8.
23
A
32
05
A
Fi
ne
 g
ra
in
ed
 c
um
ul
us
 o
rth
op
yr
ox
en
e 
an
d 
cl
in
op
yr
ox
en
e 
w
ith
 in
te
rs
tit
ia
l 
pl
ag
io
cl
as
e.
  V
er
y 
m
in
or
 b
io
tit
e.
Fi
ne
 g
ra
in
ed
 (<
1m
m
) i
nt
er
st
iti
al
 s
ul
ph
id
es
.  
G
ra
in
s 
va
ry
 in
 c
om
po
si
tio
n 
- 1
00
%
 p
en
tla
nd
ite
 / 
10
0%
 
py
rr
ho
tit
e 
/ 6
0%
 p
yr
rh
ot
ite
, 2
0%
 p
en
tla
nd
ite
, 2
0%
 
ch
al
co
py
rit
e.
  
A
TS
-5
7/
26
8.
15
Fe
ld
sp
at
hi
c 
P
yr
ox
en
ite
26
8.
07
26
8.
23
A
32
05
B
Irr
eg
ul
ar
 g
ra
in
s 
of
 p
la
gi
oc
la
se
, 
or
th
op
yr
ox
en
e 
an
d 
cl
in
op
yr
ox
en
e 
w
ith
 m
in
or
 b
io
tit
e.
  S
ili
ca
te
s 
ar
e 
al
l 
se
ric
iti
se
d 
in
 v
ar
yi
ng
 d
eg
re
es
 a
nd
 
ha
ve
 b
ee
n 
pa
rtl
y 
di
ss
ol
ve
d 
by
 th
e 
su
lp
hi
de
 fl
ui
d.
  
S
ul
ph
id
es
 a
re
 in
te
rs
tit
ia
l/n
et
te
xt
ur
ed
.  
In
 g
en
er
al
 
th
ey
 a
pp
ea
r t
o 
be
 p
yr
rh
ot
ite
 d
om
in
at
ed
 (7
0%
) w
ith
 
ac
ce
ss
or
y 
ch
al
co
py
rit
e 
(2
0%
) a
nd
 p
en
tla
nd
ite
 
(1
0%
) a
lth
ou
gh
 th
er
e 
ar
e 
zo
ne
s 
w
hi
ch
 a
re
 
ch
al
co
py
rit
e 
do
m
in
at
ed
 (8
5%
) w
ith
 a
cc
es
so
ry
 
pe
nt
la
nd
ite
 (1
5%
).
A
TS
-5
7/
29
0.
41
S
er
pe
nt
in
ite
 / 
P
yr
ox
en
ite
29
0.
35
29
0.
47
A
32
06
H
ig
hl
y 
se
rp
en
tin
is
ed
 p
yr
ox
en
ite
 w
ith
 
cu
m
ul
us
 p
yr
ox
en
es
 n
ow
 
pr
ed
om
in
at
ly
 o
cc
ur
in
g 
as
 s
ec
on
da
ry
 
ol
iv
in
e.
  P
la
gi
oc
la
se
 a
nd
 b
io
tit
e 
oc
cu
r a
s 
in
te
rs
tit
ia
l p
ha
se
s.
S
ul
ph
id
es
 a
re
 m
ed
iu
m
 g
ra
in
ed
 (1
-3
m
m
) a
nd
 
in
te
rs
tit
ia
l. 
 H
av
e 
va
ry
in
g 
co
m
po
si
tio
ns
 b
ut
 a
re
 
do
m
in
at
ed
 b
y 
py
rr
ho
tit
e 
(7
0%
) w
ith
 a
ss
oc
ia
te
d 
pe
nt
la
nd
ite
 (1
0%
), 
ch
al
co
py
rit
e 
(1
0%
) a
nd
 b
or
ni
te
 
(1
0%
).
A
TS
-5
7/
30
4.
59
Fe
ld
sp
at
hi
c 
P
yr
ox
en
ite
30
4.
46
30
4.
72
A
32
07
Fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 c
um
ul
us
 
op
x 
an
d 
cp
x 
w
ith
 in
te
rs
tit
ia
l 
pl
ag
io
cl
as
e 
an
d 
bi
ot
ite
.
Fi
ne
 to
 m
ed
iu
m
 g
ra
in
ed
 (<
1 
- 3
m
m
) i
nt
er
st
iti
al
 
su
lp
hi
de
s 
do
m
in
an
tly
 p
yr
rh
ot
ite
 (8
0%
) w
ith
 m
in
or
 
as
so
ci
at
ed
 c
ha
lc
op
yr
ite
 (1
0%
) a
nd
 p
en
tla
nd
ite
 
(1
0%
).
A
TS
-5
7/
32
5.
32
Q
ua
rtz
ite
32
5.
25
32
5.
38
A
32
08
A
Fi
ne
 to
 v
er
y 
fin
e 
gr
ai
ne
d 
qu
ar
tz
, 
zo
ne
 o
f a
lte
ra
tio
n 
(s
er
ic
iti
sa
tio
n)
 
oc
cu
rs
 o
n 
ed
ge
 o
f s
ul
ph
id
e 
bl
eb
.
S
ul
ph
id
e 
oc
cu
rs
 a
s 
m
as
si
ve
 b
le
b 
w
hi
ch
 is
 9
9%
 
py
rr
ho
tit
e,
 w
ith
 s
om
e 
ve
ry
 m
in
or
 c
ha
lc
op
yr
ite
 
oc
cu
rin
g 
on
 th
e 
rim
 o
f t
he
 b
le
b.
A
TS
-5
7/
32
5.
32
Q
ua
rtz
ite
32
5.
25
32
5.
38
A
32
08
B
Fi
ne
 to
 v
er
y 
fin
e 
gr
ai
ne
d 
qu
ar
tz
.  
Th
er
e 
is
 a
 v
ei
n 
of
 a
nh
yd
rit
e 
(?
) 
ru
nn
in
g 
th
ro
ug
h 
th
e 
sa
m
pl
e.
S
om
e 
ve
ry
 s
m
al
l p
at
ch
es
 o
f v
er
y 
fin
e 
gr
ai
ne
d 
in
te
rs
tit
ia
l s
ul
ph
id
es
 - 
10
0%
 p
yr
rh
ot
ite
.
A
TS
-5
7/
33
5.
07
C
al
c 
- S
ili
ca
te
 / 
D
ol
om
ite
33
4.
95
33
5.
19
A
32
09
Fi
ne
 g
ra
in
ed
 c
al
ci
te
/d
ol
om
ite
S
ul
ph
id
es
 o
cc
ur
 in
 z
on
es
 o
f f
in
e 
to
 m
ed
iu
m
 
gr
ai
ne
d 
py
rit
e,
 w
ith
 o
cc
as
io
na
l r
ep
la
ce
m
en
t 
py
rr
ho
tit
e.
A
TS
-5
7/
33
5.
07
C
al
c 
- S
ili
ca
te
 / 
D
ol
om
ite
33
4.
95
33
5.
19
A
32
09
A
Fi
ne
 g
ra
in
ed
 c
al
ci
te
/d
ol
om
ite
S
ul
ph
id
es
 o
cc
ur
 in
 z
on
es
 o
f f
in
e 
to
 m
ed
iu
m
 
gr
ai
ne
d 
py
rit
e,
 w
ith
 o
cc
as
io
na
l r
ep
la
ce
m
en
t 
py
rr
ho
tit
e.
A
TS
-5
7/
33
5.
07
C
al
c 
- S
ili
ca
te
 / 
D
ol
om
ite
33
4.
95
33
5.
19
A
32
09
B
Fi
ne
 g
ra
in
ed
 c
al
ci
te
/d
ol
om
ite
S
ul
ph
id
es
 o
cc
ur
 a
s 
fin
e 
gr
ai
ns
 d
is
cr
et
el
y 
di
st
rib
ut
ed
 th
ro
ug
h 
th
e 
sa
m
pl
e,
 p
os
si
bl
y 
al
on
g 
re
m
na
nt
 b
ed
di
ng
 p
la
ne
s.
  S
ul
ph
id
es
 a
re
 
do
m
in
an
tly
 b
or
ni
te
 w
ith
 s
om
e 
py
rit
e.
A
PP
EN
D
IX
 4
P
ol
is
he
d 
bl
oc
k 
de
sc
rip
tio
ns
 fo
r c
or
es
 A
M
K
-0
21
, A
TS
-0
57
 a
nd
 A
TS
-0
46
Sa
m
pl
e 
N
um
be
r
Su
lp
hi
de
 D
es
cr
ip
tio
ns
A
M
K
21
-1
0 
(1
08
.9
3 
- 
10
9.
25
)
Fi
ne
 g
ra
in
ed
 in
te
rs
tit
ia
l s
ul
ph
id
es
 g
en
er
al
ly
 <
1m
m
.  
S
ee
m
s 
to
 b
e 
m
ai
nl
y 
py
rr
ho
tit
e 
(6
0%
) a
nd
 p
en
tla
nd
ite
 (3
5%
). 
M
in
or
 
ch
al
co
py
rit
e.
  S
ul
ph
id
es
 a
re
 g
en
er
al
ly
 m
es
sy
/m
ot
h-
ea
te
n.
A
M
K
21
-1
1A
 (1
25
.6
2 
- 
12
5.
90
)
O
ne
 la
rg
e 
su
lp
hi
de
 b
le
b 
(1
cm
 w
id
e,
 1
.5
cm
 lo
ng
) a
nd
 tw
o 
ot
he
r m
in
or
 s
ul
ph
id
es
 (1
m
m
). 
 S
m
al
le
r b
le
bs
 a
re
 7
5%
 p
yr
rh
ot
ite
 
w
ith
 2
5%
 c
ha
lc
op
yr
ite
 a
lo
ng
 ri
m
.  
La
rg
e 
bl
eb
 is
 a
ll 
py
rr
ho
tit
e,
 a
lth
ou
gh
 th
er
e 
ar
e 
tw
o 
ph
as
es
, o
ne
 o
f w
hi
ch
 m
ay
 b
e 
re
cr
ys
ta
lli
sa
tio
n.
A
M
K
21
-1
1B
 (1
25
.6
2 
- 
12
5.
90
)
M
as
si
ve
 s
ul
ph
id
e 
bl
eb
, a
lm
os
t c
om
pl
et
el
y 
py
rr
ho
tit
e,
 b
ut
 a
ga
in
 2
 d
iff
er
en
t p
ha
se
s.
  C
ha
lc
op
yr
ite
 o
cc
ur
s 
on
 th
e 
rim
s 
as
 
ve
ry
 fi
ne
 g
ra
in
s,
 a
lth
ou
gh
 th
er
e 
is
 o
ne
 la
rg
er
 c
ha
lc
op
yr
ite
 g
ra
in
 (5
m
m
) o
n 
th
e 
ed
ge
 o
f t
he
 la
rg
e 
gr
ai
n.
A
M
K
21
-1
 (2
18
.2
4 
- 2
18
.5
5)
M
ed
iu
m
 g
ra
in
ed
 (1
-2
m
m
) d
is
se
m
in
at
ed
 s
ul
ph
id
e 
bl
eb
s.
 P
yr
rh
ot
ite
 a
nd
 c
ha
lc
op
yr
ite
 o
cc
ur
 in
 s
am
e 
bl
eb
s,
 w
ith
 %
 v
ar
yi
ng
 
fro
m
 3
0 
- 6
0%
 c
ha
lc
op
yr
ite
.  
C
ha
lc
op
yr
ite
 a
ls
o 
oc
cu
rs
 a
s 
ve
ry
 th
in
 s
tri
ng
er
s 
an
d 
ve
ry
 fi
ne
-g
ra
in
ed
 d
is
se
m
in
at
ed
 b
le
bs
 
w
ith
 s
ili
ca
te
s.
 
A
M
K
21
-2
 (2
21
.8
8 
- 2
22
.2
4)
Fi
ne
 g
ra
in
ed
 (<
1m
m
) h
ig
hl
y 
di
ss
em
in
at
ed
 b
le
bs
. B
le
bs
 a
re
 v
er
y 
co
m
pl
ex
 w
ith
 a
t l
ea
st
 3
 d
iff
er
en
t m
in
er
al
s:
 d
ef
in
at
ly
 
ch
al
co
py
rit
e,
 p
en
tla
nd
ite
, a
nd
 p
ro
ba
bl
y 
m
ag
ne
tit
e.
  M
ag
ne
tit
e 
is
 u
su
al
ly
 th
e 
do
m
in
at
in
g 
ph
as
e 
- h
as
 p
ro
ba
bl
y 
be
en
 
re
ac
te
d 
w
ith
 th
e 
ol
iv
in
es
 in
 s
am
pl
e.
  A
ls
o 
so
m
e 
bo
rn
ite
 o
bs
er
ve
d.
A
M
K
21
-3
 (2
27
.0
7 
- 2
27
.2
3)
In
te
rs
tit
ia
l s
ul
ph
id
es
 ra
ng
in
g 
fro
m
 1
m
m
 to
 5
m
m
, o
cc
ur
in
g 
on
 th
e 
rim
s 
of
 th
e 
si
lic
at
es
.  
U
su
al
ly
 d
om
in
at
ed
 b
y 
py
rh
ho
tit
e 
(5
0-
70
%
) w
ith
 a
ss
oc
ia
te
d 
ch
al
co
py
rit
e 
an
d 
pe
nt
la
nd
ite
.  
D
o 
ge
t e
nt
ire
 z
on
es
 th
at
 a
re
 c
ha
lc
op
yr
ite
/p
en
tla
nd
ite
, w
ith
 li
ttl
e 
py
rr
ho
tit
e.
A
M
K
21
-4
 (2
32
.4
9 
- 2
32
.7
5)
In
te
rs
tit
ia
l s
ul
ph
id
es
 (2
-5
m
m
). 
D
om
in
at
ed
 b
y 
py
rr
ho
tit
e 
(6
5-
80
%
), 
th
en
 p
en
tla
nd
ite
.  
G
en
er
al
ly
 m
in
or
 c
ha
lc
op
yr
ite
 o
n 
rim
s,
 
al
th
ou
gh
 tw
o 
of
 th
e 
sm
al
le
r g
ra
in
s 
ar
e 
do
m
in
at
ed
 b
y 
ch
al
co
py
rit
e 
(5
0-
80
%
).
A
M
K
21
-5
 (2
35
.2
3 
- 2
35
.3
8)
O
ne
 la
rg
e 
su
lp
hi
de
 b
le
b 
(1
cm
 w
id
e,
 2
cm
 lo
ng
) w
hi
ch
 is
 d
om
in
an
tly
 c
ha
lc
op
yr
ite
 (8
0%
) w
ith
 a
 li
ne
ar
 v
ei
n 
of
 p
yr
hh
ot
ite
 (1
.5
 
m
m
 in
 w
id
th
) c
ro
ss
 c
ut
tin
g 
th
e 
ve
in
.  
A
ls
o 
so
m
e 
ot
he
r m
in
or
 p
yr
rh
ot
ite
 b
le
bs
, p
os
si
bl
y 
so
m
e 
ve
ry
 m
in
or
 p
en
tla
nd
ite
.  
S
om
e 
fin
e 
gr
ai
ne
d 
sa
te
lli
te
 s
ul
ph
id
es
 a
re
 o
bs
er
ve
d,
 1
00
%
 c
ha
lc
op
yr
ite
.
A
M
K
21
-6
A
 (2
36
.5
4 
- 
23
6.
82
)
Fi
ne
 g
ra
in
ed
 (<
2m
m
) d
is
se
m
in
at
ed
 in
te
rs
tit
ia
l s
ul
ph
id
es
.  
O
cc
ur
 a
s 
bl
eb
s 
an
d 
as
 v
er
y 
sm
al
l v
ei
nl
et
s 
al
on
g 
th
e 
ed
ge
s 
of
 
si
lic
at
es
.  
G
ra
in
s 
ar
e 
ei
th
er
 c
ha
lc
op
yr
ite
 w
ith
 v
er
y 
ve
ry
 m
in
or
 p
en
tla
nd
ite
 a
nd
 p
yr
rh
ot
ite
, o
r p
yr
rh
ot
ite
 w
ith
 m
in
or
 
pe
nt
la
nd
ite
 a
lo
ng
 th
e 
rim
s.
A
M
K
21
-6
B
 (2
36
.5
4 
- 
23
6.
82
)
Fi
ne
 g
ra
in
ed
 (<
1m
m
) h
ig
hl
y 
di
ss
em
in
at
ed
 b
le
bs
.  
G
en
er
al
ly
 p
yr
rh
ot
ite
 w
ith
 p
en
tla
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
 o
cu
ur
in
g 
pr
ed
om
in
an
tly
 o
n 
th
e 
rim
s.
  S
om
e 
of
 th
e 
sm
al
le
r g
ra
in
s 
ar
e 
pu
re
 c
ha
lc
op
yr
ite
, a
nd
 s
om
e 
ar
e 
py
rr
ho
tit
e 
w
ith
 m
in
or
 
pe
nt
la
nd
ite
A
M
K
21
-7
 (2
40
.3
7 
- 2
40
.8
6)
Fi
ne
 to
 v
er
y 
fin
e 
gr
ai
ne
d 
hi
gh
ly
 d
is
se
m
in
at
ed
 s
ul
ph
id
es
.  
C
om
po
si
tio
ns
 v
ar
y,
 a
nd
 a
re
 e
ith
er
 9
5%
 c
ha
lc
op
yr
ite
, o
r 4
0%
 
pe
nt
al
an
di
te
, 4
0%
 p
yr
rh
ot
ite
, 2
0%
 c
ha
lc
op
yr
ite
.
A
M
K
21
-1
2 
(3
42
.9
7 
- 
34
3.
30
)
Fi
ne
 g
ra
in
ed
 d
is
se
m
in
at
ed
 b
le
bs
 (<
1m
m
). 
 U
su
al
ly
 a
bo
ut
 6
0%
 p
yr
rh
ot
ite
.  
C
an
 c
on
ta
in
 p
en
tla
nd
ite
, a
nd
 
pe
nt
la
nd
ite
+c
ha
lc
op
yr
ite
 u
su
al
ly
 a
ro
un
d 
th
e 
rim
s 
of
 th
e 
py
rr
ho
tit
e.
A
TS
57
-5
7.
58
M
ed
iu
m
 g
ra
in
ed
 (1
-2
m
m
) i
nt
er
st
iti
al
 b
le
bb
y 
su
lp
hi
de
s,
 w
ith
 v
er
y 
th
in
 v
ei
nl
et
s 
ar
ou
nd
 th
e 
ed
ge
s 
of
 s
om
e 
of
 s
ili
ca
te
s.
  
B
le
bs
 a
re
 6
0-
80
%
 p
yr
rh
ot
ite
, w
ith
 th
e 
re
m
ai
nd
er
 u
su
al
ly
 b
ei
ng
 p
en
tla
nd
ite
.  
S
om
e 
fla
m
e 
te
xt
ur
es
 s
ee
n.
  S
om
e 
bl
eb
s 
ha
ve
 
~5
%
 c
ha
lc
op
yr
ite
 o
n 
rim
.  
A
ll 
th
e 
th
in
 v
ei
nl
et
s 
ar
e 
ch
al
oc
py
rit
e,
 a
pp
ea
r t
o 
be
 la
te
r t
ha
n 
bl
eb
s.
A
TS
57
-7
2.
48
A
V
er
y 
co
ar
se
 g
ra
in
ed
 s
ul
ph
id
e 
bl
eb
 (1
.5
cm
 x
 2
cm
), 
80
%
 c
ha
lc
op
yr
ite
, p
yr
hh
ot
ite
 o
r p
en
tla
nd
ite
 o
cc
ur
s 
m
ai
nl
y 
on
 th
e 
rim
s,
 
w
ith
 s
om
e 
sm
al
l g
ra
in
s 
w
ith
in
 th
e 
ch
al
co
py
rit
e,
 a
nd
 a
cc
es
so
ry
 s
ph
al
er
ite
A
TS
57
-7
2.
48
B
2 
la
rg
e 
su
lp
hi
de
 b
le
bs
 (0
.5
 - 
1.
2c
m
), 
w
hi
ch
 m
ay
 b
e 
in
te
rs
tit
ia
l, 
w
ith
 s
ev
er
al
 s
m
al
le
r s
at
el
lit
e 
gr
ai
ns
 (1
-2
m
m
). 
 D
om
in
at
ed
 
by
 c
ha
lc
op
yr
ite
 (8
5%
), 
w
ith
 m
ai
nl
y 
py
rh
ho
tit
e 
ar
ou
nd
 th
e 
rim
s,
 w
ith
 s
om
e 
pe
nt
la
nd
ite
.
A
TS
57
-1
02
.7
9
V
er
y 
fin
e 
gr
ai
ne
d 
(<
1m
m
),v
er
y 
di
ss
em
in
at
ed
 s
ul
ph
id
es
.  
Th
in
k 
th
ey
 a
re
 a
ll 
pe
nt
la
nd
ite
.
A
TS
57
-1
18
.7
8
Fi
ne
 to
 c
oa
rs
e 
gr
ai
ne
d 
(1
-1
2 
m
m
) i
nt
er
st
iti
al
 s
ul
ph
id
es
.  
D
om
in
an
tly
 p
yr
rh
ot
ite
 (6
0-
80
%
) w
ith
 s
m
al
l g
ra
in
s 
of
 c
ha
lc
op
yr
ite
 
an
d 
pe
nt
la
nd
ite
 o
n 
th
e 
rim
s 
of
 th
e 
gr
ai
ns
.
A
TS
57
-1
40
.1
4
Fi
ne
 to
 c
oa
rs
e 
gr
ai
ne
d 
(1
-1
2 
m
m
) i
nt
er
st
iti
al
 s
ul
ph
id
es
, a
s 
w
el
l a
s 
th
in
 v
ei
nl
et
s 
su
rr
ou
nd
in
g 
so
m
e 
si
lic
at
es
.  
B
le
bs
 a
re
 
80
%
 p
yr
rh
ot
ite
 w
ith
 p
en
tla
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
 g
ra
in
s 
ar
ou
nd
 th
e 
rim
s,
 th
e 
ve
in
le
ts
 a
re
 a
ll 
ch
al
co
py
rit
e.
A
TS
57
-1
51
.4
0
O
ne
 in
te
rs
tit
ia
l s
ul
ph
id
e 
gr
ai
n 
(2
x4
m
m
). 
 I 
th
in
k 
it 
is
 c
om
pl
et
el
y 
pe
nt
la
nd
ite
.  
S
om
e 
st
rin
ge
rs
 o
f s
om
et
hi
ng
 th
at
 m
ig
ht
 b
e 
m
ag
ne
tit
e.
A
TS
57
-1
80
.6
4
D
is
se
m
in
at
ed
 b
le
bb
y 
su
lp
hi
de
s 
(<
1m
m
 to
 5
m
m
). 
 T
hi
nk
 th
ey
 a
re
 8
0%
 p
en
tla
nd
ite
 w
ith
 c
ha
lc
op
yr
ite
 g
ra
in
s 
ar
ou
nd
 th
e 
rim
s.
A
TS
57
-2
18
.3
9A
1
M
as
si
ve
 a
nd
 n
et
 te
xt
ur
ed
 s
ul
ph
id
es
, s
ili
ca
te
s 
ar
e 
hi
gh
ly
 a
lte
re
d.
  S
ul
ph
id
e 
lo
ok
 'm
ot
h-
ea
te
n'
.  
V
er
y 
co
m
pl
ex
 m
in
er
al
og
y,
 
60
-8
0%
 p
yr
rh
ot
ite
, w
ith
 z
on
es
 o
f p
en
tla
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
, n
ot
 o
nl
y 
on
 ri
m
 b
ut
 a
ls
o 
w
ith
in
 p
yr
rh
ot
ite
.
A
TS
57
-2
18
.3
9A
2
M
as
si
ve
 s
ul
ph
id
e 
w
ith
 n
et
-te
xt
ur
e.
  S
ili
ca
te
 g
ra
in
s 
ar
e 
1-
3m
m
 a
nd
 o
cc
ur
 a
s 
'c
la
st
s'
 w
ith
in
 a
 s
ul
ph
id
e 
'm
at
rix
'. 
A
ga
in
 a
 v
er
y 
co
m
pl
ex
 m
in
er
al
og
y,
 6
0-
80
%
 p
yr
rh
ot
ite
, w
ith
 z
on
es
 o
f p
en
tla
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
, n
ot
 o
nl
y 
on
 ri
m
 b
ut
 a
ls
o 
w
ith
in
 
py
rr
ho
tit
e.
A
TS
57
-2
18
.3
9C
1
Fi
ne
 g
ra
in
ed
 (1
-2
m
m
) i
nt
er
st
iti
al
 s
ul
ph
id
es
, s
ur
ro
un
di
ng
 s
er
pe
nt
in
is
ed
 s
ili
ca
te
s.
  G
en
er
al
ly
 7
5%
 p
yr
rh
ot
ite
, w
ith
 
ch
al
co
py
rit
e 
us
ua
lly
 o
n 
rim
s.
  O
ne
 g
ra
in
 a
pp
ea
rs
 to
 b
e 
pe
nt
la
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
.
A
TS
57
-2
18
.3
9C
2
M
as
si
ve
 s
ul
ph
id
e,
 w
ith
 la
rg
e 
(1
m
m
 - 
1c
m
) r
ou
nd
ed
 s
ili
ca
te
 c
la
st
s.
  7
0-
80
%
 p
yr
hh
ot
ite
, w
ith
 z
on
es
 o
f c
ha
lc
op
yr
ite
 a
nd
 
pe
nt
la
nd
ite
.
A
TS
57
-2
18
.3
9C
3
M
as
si
ve
 s
ul
ph
id
e,
 w
ith
 la
rg
e 
(1
m
m
 - 
1c
m
) r
ou
nd
ed
 s
ili
ca
te
 c
la
st
s,
 a
ls
o 
so
m
e 
in
te
rs
tit
ia
l s
ul
ph
id
e 
oc
cu
rin
g 
as
 v
ei
nl
et
s 
ar
ou
nd
 s
ili
ca
te
 g
ra
in
s.
  7
0-
80
%
 p
yr
hh
ot
ite
, w
ith
 z
on
es
 o
f c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
.  
S
ul
ph
id
es
 m
ay
 h
av
e 
co
rr
od
ed
 
si
lic
at
es
.  
A
TS
57
-2
21
.3
9B
1
M
as
si
ve
 s
ul
ph
id
e 
w
ith
 s
ili
ca
te
 c
la
st
s,
 'n
et
-te
xt
ur
ed
' i
n 
pl
ac
es
.  
A
ga
in
 s
ul
ph
id
es
 s
ee
m
 to
 h
av
e 
co
rr
od
ed
 s
ili
ca
te
s 
in
 p
la
ce
s.
  
A
ga
in
, 7
0-
80
%
 p
yr
rh
ot
ite
 w
ith
 z
on
es
 o
f c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
.  
Th
er
e 
ar
e 
al
so
 p
at
ch
es
 o
f c
ha
lc
op
yr
ite
 b
y 
its
el
f.
A
TS
57
-2
21
.3
9B
2
M
as
si
ve
 s
ul
ph
id
e 
w
ith
 tw
o 
zo
ne
s 
of
 'n
et
-te
xt
ur
e'
.  
A
pp
ea
rs
 th
at
 c
ha
lc
op
yr
ite
/p
en
tla
nd
ite
 z
on
es
 a
re
 re
la
te
d 
to
 th
e 
si
lic
at
es
.  
M
as
si
ve
 is
 9
9%
 p
yr
rh
ot
ite
, a
lth
ou
gh
 th
er
e 
ar
e 
fla
m
e 
ex
so
lu
tio
n 
te
xt
ur
es
 o
f p
en
tla
nd
ite
 a
ss
oc
ia
te
d 
to
 s
m
al
l s
ili
ca
te
 v
ei
ns
 
an
d 
cl
as
ts
.  
In
 n
et
-te
xt
ur
ed
 z
on
e 
th
e 
su
lp
hi
de
s 
ar
e 
m
ix
tu
re
 o
f p
yr
rh
ot
ite
, c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
 a
nd
 (u
su
al
ly
 
ch
al
co
py
rit
e)
 h
as
 c
or
ro
de
d 
th
e 
si
lic
at
es
.
A
TS
57
-2
68
.1
5A
V
er
y 
fin
e 
gr
ai
ne
d 
(<
1m
m
) d
is
se
m
in
at
ed
 s
ul
ph
id
es
.  
70
-8
0%
 p
yr
rh
ot
ite
, w
ith
 c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
 b
le
bs
 u
su
al
ly
 o
n 
th
e 
rim
s.
A
TS
57
-2
68
.1
5B
1
M
ed
iu
m
 g
ra
in
ed
 (1
-2
m
m
) d
is
se
m
in
at
ed
 s
ul
ph
id
es
.  
70
-8
0%
 p
yr
rh
ot
ite
, w
ith
 c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
 b
le
bs
 u
su
al
ly
 o
n 
th
e 
rim
s.
A
TS
57
-2
68
.1
5B
2
Fi
ne
 g
ra
in
ed
 n
et
-te
xt
ur
ed
 s
ul
ph
id
es
, w
ith
 o
ne
 la
rg
e 
(1
.5
cm
) r
ou
nd
ed
 s
ili
ca
te
 c
la
st
.  
C
on
ce
nt
ra
tio
n 
of
 s
ul
ph
id
e 
in
cr
ea
se
s 
on
 th
e 
rim
s 
of
 th
is
 s
ili
ca
te
.  
50
-8
0%
 p
yr
rh
ot
ite
, w
ith
 z
on
es
 o
f i
nt
er
m
ix
ed
 c
ha
lc
op
yr
ite
 a
nd
 p
en
tla
nd
ite
 w
hi
ch
 a
re
 m
or
e 
pr
ev
el
en
t c
lo
se
 to
 la
rg
e 
si
lic
at
e 
gr
ai
n.
  S
om
e 
co
rr
os
io
n 
of
 s
ili
ca
te
s 
ha
s 
oc
cu
re
d.
A
TS
57
-2
90
.4
1
M
ed
iu
m
 g
ra
in
ed
 (1
-2
m
m
) d
is
se
m
in
at
ed
 s
ul
ph
id
es
.  
50
-7
0%
 p
yr
rh
ot
ite
, w
ith
 c
ha
lc
op
yr
ite
.  
La
rg
e 
pe
rc
en
ta
ge
 o
f m
ag
ne
tit
e,
 
no
t o
nl
y 
in
 s
ul
ph
id
es
 b
ut
 a
ls
o 
in
 s
ili
ca
te
s.
A
TS
57
-3
25
.3
2A
M
as
si
ve
 s
ul
ph
id
e 
bl
eb
 w
ith
 a
ss
oc
ia
te
d 
sm
al
le
r b
le
bs
 (a
lm
os
t l
oo
ks
 li
ke
 a
 fl
ow
 te
xt
ur
e)
.  
A
lm
os
t a
ll 
of
 it
 is
 p
yr
rh
ot
ite
, w
ith
 
so
m
e 
m
in
or
 c
ha
lc
op
yr
ite
 in
 th
e 
fin
er
 g
ra
in
s 
on
 th
e 
ed
ge
s.
A
TS
57
-3
35
.0
7
Fi
ne
-g
ra
in
ed
 d
is
se
m
in
at
ed
 s
ul
ph
id
es
, v
ar
yi
ng
 in
 s
iz
e 
fro
m
 <
1m
m
 to
 3
m
m
.  
I t
hi
nk
 it
 is
 p
yr
ite
.
A
TS
57
-3
35
.0
7A
Fi
ne
-g
ra
in
ed
 d
is
se
m
in
at
ed
 s
ul
ph
id
es
, v
ar
yi
ng
 in
 s
iz
e 
fro
m
 <
1m
m
 to
 3
m
m
, a
lth
ou
gh
 la
rg
er
 g
ra
in
s 
m
ay
 b
e 
an
 
am
al
ga
m
at
io
n 
of
 s
m
al
le
r g
ra
in
s.
  P
ro
ba
bl
y 
py
rit
e.
A
TS
57
-3
35
.0
7B
Fi
ne
-g
ra
in
ed
 d
is
se
m
in
at
ed
 s
ul
ph
id
es
, v
ar
yi
ng
 in
 s
iz
e 
fro
m
 <
1m
m
 to
 3
m
m
, a
lth
ou
gh
 la
rg
er
 g
ra
in
s 
m
ay
 b
e 
an
 
am
al
ga
m
at
io
n 
of
 s
m
al
le
r g
ra
in
s.
  P
ro
ba
bl
y 
py
rit
e.
A
TS
46
b 
(6
1.
05
 - 
61
.1
9)
O
ne
 la
rg
e 
>2
0m
m
 s
ul
ph
id
e 
bl
eb
 c
om
po
se
d 
of
 p
yr
rh
ot
ite
 (7
5%
), 
pe
nt
la
nd
ite
 (5
%
) a
nd
 c
ha
lc
op
yr
ite
 (2
0%
). 
 T
he
 th
re
e 
ph
as
es
 a
re
 s
ep
er
at
e,
 w
ith
 th
e 
pe
nt
la
nd
ite
 o
cc
ur
in
g 
as
 a
 v
ei
n 
be
tw
ee
n 
th
e 
ch
al
co
py
rit
e 
an
d 
py
rr
ho
tit
e.
A
TS
46
ah
 (1
06
.2
5 
- 1
06
.5
3)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 2
%
 (m
od
e)
 o
f 3
m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 c
om
po
si
te
 p
yr
rh
ot
ite
 (8
0%
), 
pe
nt
la
nd
ite
 a
nd
 
ch
al
co
py
rit
e 
(1
0-
20
%
)
A
TS
46
e1
 (1
46
.5
3 
- 1
46
.8
8)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 1
3-
18
%
 (m
od
e)
 o
f <
6m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 b
le
bs
 o
f p
yr
rh
ot
ite
 (9
3-
97
%
), 
pe
nt
la
nd
ite
 (1
-
2)
 a
nd
 c
ha
lc
op
yr
ite
 (2
-3
%
).
A
TS
46
ap
a
(1
54
.5
5 
- 
15
4.
79
)
S
ub
-h
or
iz
on
ta
l v
ei
n 
of
 s
ul
ph
id
e-
ric
h 
ne
t-t
ex
tu
re
d 
py
rr
ho
tit
e.
A
TS
46
g 
(1
65
.7
3 
- 1
65
.9
1)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 7
-8
%
 (m
od
e)
 o
f <
5m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 p
yr
rh
ot
ite
 (8
5%
) p
en
tla
nd
ite
 (5
%
) a
nd
 
ch
al
co
py
rit
e 
(1
0%
), 
an
d 
su
b-
ne
t t
ex
tu
re
d 
py
rr
ho
tit
e 
(9
7-
98
%
), 
pe
nt
la
nd
ite
 (2
-3
%
) &
 c
ha
lc
op
yr
ite
 (1
-2
%
). 
A
TS
46
i1
 (2
07
.2
5 
- 2
07
.7
4)
S
ul
ph
id
es
 to
ta
l 6
%
 (m
od
e)
 o
f l
ar
ge
 1
0m
m
 s
iz
ed
 b
le
bs
 c
om
po
se
d 
of
 c
om
po
si
te
 p
yr
rh
ot
ite
 (8
5%
), 
ch
al
co
py
rit
e 
(1
2%
0 
an
d 
pe
nt
la
nd
ite
 (3
%
).
A
TS
46
i2
 (2
07
.2
5 
- 2
07
.7
4)
S
m
al
l 8
m
m
 w
id
e 
ne
t-t
ex
tu
re
d 
ve
in
le
t c
om
po
se
d 
of
 p
yr
rh
ot
ite
 a
nd
 m
in
or
 p
en
tla
nd
ite
 (9
2-
94
%
) a
nd
 c
ha
lc
op
yr
ite
 (6
-8
%
). 
A
TS
46
j (
22
7.
07
 - 
22
7.
33
)
S
ul
ph
id
es
 to
ta
l a
pp
ro
x.
 7
-2
5%
 (m
od
e)
, a
ve
ra
ge
 1
3%
 o
f <
7m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 p
yr
rh
ot
ite
 &
 (9
7-
98
%
), 
ch
al
co
py
rit
e 
(2
-3
%
).
A
TS
46
aw
 (2
54
.8
7 
- 
25
5.
11
)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 4
-5
%
 (m
od
e)
 o
f 2
m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 to
 n
et
-te
xt
ur
ed
 p
yr
rh
ot
ite
 (9
2-
96
%
), 
pe
nt
la
nd
ite
 
an
d 
ch
al
co
py
rit
e 
(4
-8
%
)
A
TS
46
m
2 
(2
75
.8
0 
- 
27
6.
20
)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 8
%
 (m
od
e)
 o
f <
5m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 to
 p
at
ch
y 
su
b-
ne
t t
ex
tu
re
d 
py
rr
ho
tit
e 
(8
8-
90
%
), 
pe
nt
la
nd
ite
 (0
-2
%
) a
nd
 c
ha
lc
op
yr
ite
 (1
0-
12
%
). 
A
TS
46
bd
 (3
16
.4
1 
- 3
16
.8
3)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 6
-8
%
 (m
od
e)
 o
f 4
m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 to
 p
at
ch
s 
of
 s
ub
-n
et
 te
xt
ur
ed
 p
yr
rh
ot
ite
 (9
9%
), 
pe
nt
la
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
 (1
%
).
A
TS
46
bg
 (3
45
.5
0 
- 3
45
.6
9)
S
ul
ph
id
e 
in
 d
un
iti
c 
un
it 
to
ta
l a
pp
ro
x.
 3
5-
40
%
 (m
od
e)
 o
f 7
m
m
 n
et
 te
xt
ur
ed
 p
yr
rh
ot
ite
 (9
5-
98
%
), 
pe
nt
la
nd
ite
 a
nd
 
ch
al
co
py
rit
e 
(2
-5
%
).
A
TS
46
bi
 (3
70
.3
3 
- 3
70
.6
3)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 1
0-
13
%
 (m
od
e)
 o
f 9
m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 b
le
bs
 o
f p
yr
rh
ot
ite
 (8
5-
95
%
), 
pe
nt
la
nd
ite
, a
nd
 
ch
al
co
py
rit
e 
an
d 
bo
rn
ite
 (5
-1
5%
). 
A
TS
46
bp
a
(4
38
.1
5 
- 
43
8.
31
)
S
ul
ph
id
e 
to
ta
l a
pp
ro
x.
 4
-7
%
 (m
od
e)
 o
f 4
m
m
 d
is
se
m
in
at
ed
 in
te
rc
um
ul
us
 to
 p
at
ch
es
 o
f s
ub
 m
as
si
ve
 te
xt
ur
ed
 p
yr
rh
ot
ite
 (8
5 -
90
%
), 
pe
nt
la
nd
ite
 a
nd
 c
ha
lc
op
yr
ite
 (1
0-
15
%
). 
A
TS
46
w
 (4
69
.2
5 
- 4
96
.5
0)
S
ul
ph
id
es
 to
ta
l 5
6%
 (m
od
e)
 in
 g
re
en
 s
er
pe
nt
in
e 
cl
ot
, o
f s
m
al
l <
1m
m
 fi
ne
ly
 d
is
se
m
in
at
ed
 m
on
o-
m
in
er
al
ic
 p
yr
rh
ot
ite
 
(1
00
%
).
A
PP
EN
D
IX
 5
a
D
es
cr
ip
tio
n 
of
 s
ul
ph
id
e 
m
in
er
al
is
at
io
n 
in
te
rv
al
s 
fo
r c
or
e 
P
R
-1
74
Fr
om
 (m
)
To
 (m
)
Le
ng
th
 (m
)
H
os
t R
oc
k
Su
lp
hi
de
 D
es
cr
ip
tio
n
13
23
10
Fe
ld
sp
at
hi
c 
P
yr
ox
en
ite
V
er
y 
fin
e 
gr
ai
ne
d,
 d
is
se
m
in
at
ed
 in
te
rs
tit
ia
l s
ul
ph
id
es
55
56
1
N
or
ite
B
le
bb
y 
su
lp
hi
de
s 
(1
-2
 c
m
), 
80
%
 p
en
t/p
yr
r. 
20
%
 c
ha
lc
. O
cc
ur
 ju
st
 b
el
ow
 s
lig
ht
ly
 
se
rp
en
tin
is
ed
 z
on
e.
  S
om
e 
su
lp
hi
de
s 
as
so
ci
at
ed
 to
 p
eg
m
at
iti
c 
zo
ne
.
73
76
3
S
er
pe
nt
in
is
ed
 P
yr
ox
en
ite
B
le
bb
y 
in
te
rs
tit
ia
l s
ul
ph
id
es
 (1
-5
 m
m
), 
ge
ne
ra
lly
 a
ss
oc
ia
te
d 
to
 s
er
pe
nt
in
is
ed
 z
on
es
.  
G
ra
in
s 
ar
e 
ei
th
er
 p
en
t/p
yr
r O
R
 c
ha
lc
, y
ou
 d
o 
no
t s
ee
 b
ot
h 
ph
as
es
 to
ge
th
er
.
76
77
1
P
eg
m
at
oi
da
l F
el
ds
pa
th
ic
 
P
yr
ox
en
ite
Fi
ne
-g
ra
in
ed
 in
te
rs
tit
ia
l s
ul
ph
id
es
, p
re
do
m
in
an
tly
 p
en
t/p
yr
r. 
 A
ss
oc
ia
te
d 
to
 v
er
y 
fin
e-
gr
ai
ne
d 
pa
le
 g
re
y/
gr
ee
n 
ra
ft,
 a
nd
 p
eg
m
at
iti
c 
ra
ft.
80
81
1
S
er
pe
nt
in
ite
La
rg
e 
(1
-2
 c
m
) b
le
eb
y,
 in
te
rs
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The Platreef is the main platinum-group element
(PGE)-bearing horizon in the northern limb of the
Bushveld Complex, South Africa. It is considered to be
richer in sulphides than other similar horizons within the
Bushveld Complex, in particular the Merensky Reef.
Previous work has indicated that assimilation of
dolomite may be a mechanism to add sulphur to the
magma from which the Platreef formed. Sulphur
isotope data presented in this study indicates an
additional sulphur source contributing to the Platreef.
In the southern Platreef, the Duitschland Formation of
the Transvaal Supergroup forms part of the direct
footwall. Within this sequence are pyrite-rich shales,
which we suggest contributed to the sulphur budget of
the Platreef. Local variations in sulphur isotopes, as
well as a decrease in crustal sulphur in the Platreef
further away from the footwall, also indicate local
rather than regional contamination processes. Platreef
samples have δ18O values that are higher than expected
in a mantle-derived magma, but there is no apparent
systematic variation in δ18O with distance from the
footwall. This may possibly indicate contamination of
the Bushveld magma pre-intrusion, probably in a
staging chamber. However, when compared to data from
the central sector of the Platreef itself, analysis from
this study have lower δ18O values indicating changes in
the degree of contamination with varying footwall
lithology. Also, differences between plagioclase and
pyroxene δ18O values indicate exchange with fluids. It is
possible that late-stage deuteric fluids may have caused
this exchange.
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A new look at sulphide mineralisation of the northern limb,
Bushveld Complex: a stable isotope study
E. R. Sharman-Harris, J. A. Kinnaird, C. Harris and U. E. Horstmann
INTRODUCTION
The Platreef is the main platinum-group element
(PGE) bearing lithology of the northern limb of the
Bushveld Complex. It has been the site of platinum
prospecting and mining since the 1920s. The term
Platreef as used in this paper refers to a series of
pyroxenites and norites, containing xenoliths/rafts of
footwall rock. The Platreef is irregularly mineralised
with PGE, Cu and Ni, and a greater modal percentage
of sulphides is present than in the Merensky Reef.
There is an extremely varied PGE mineralogy,
occurring mainly as tellurides, bismuthotellurides,
antimonides and arsenides of Pd, Pt, and Rh.1,20 The
main base-metal sulphides within the Platreef are
pyrrhotite, pyrite, pentlandite, and chalcopyrite.
In this paper, we aim to examine sulphur and
oxygen isotope data from the southern sector of the
Platreef to gain a better understanding of the role that
contamination played and in order to compare these
data to those from earlier work conducted in the
central and northern sectors of the Platreef. We
conducted a detailed isotopic study through 400 m of the
Platreef and also investigated isotopic variations in
different metasedimentary footwall lithologies of the
Platreef itself as well as from unaltered sedimentary
lithologies of the Duitschland Formation.
REGIONAL GEOGRAPHY
Transvaal Supergroup
The Palaeoproterozoic Transvaal Supergroup (Fig. 1)
was deposited between 2·67 and 2·07 Ga8,10 in the
Transvaal and the Griqualand West Basins which are
separated by the Vryburg Rise.3 The Supergroup
attains a maximum thickness of 12 km within the
Transvaal Basin.10 The basement rocks of the
Transvaal Supergroup are predominantly Archaean
granites, gneisses and greenstones, as well as a
Witwatersrand sedimentary succession and
Ventersdorp lavas.8,10 The Transvaal Supergroup
comprises the Wolkberg, Chuinespoort, and Pretoria
Groups (Fig. 1); however, as there is an erosional
contact between the Wolkberg and Chuniespoort
Groups, Coetzee8 does not consider the Wolkberg
group to be part of the Transvaal Basin sensu stricto.
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1 Stratigraphic column of the Transvaal Supergroup, showing detail of the Duitschland Formation3,8
In the southern sector of the Platreef, where this
study is focused, the footwall is often comprised of
Duitschland Formation which marks the base of the
Pretoria Group and disconformably overlies the
Chuniespoort Group. It comprises diamictite, an
alternating sequence of fine-grained laminated shales;
occasionally containing pyrite and dolomite, along
with some minor sequences of quartzite and mudrock
(Fig. 1). The formation is exposed in two areas near
Mokopane and has a maximum thickness of 1000 m.28
The Duitschland Formation is thought to have been
deposited in a relatively shallow marine environ-
ment,3,28 which is supported by the presence of
stromatolites. Carbonaceous shales represent the
deepest depositional environment within the
formation.28 The base of the formation is marked by a
diamictite, and the top of the formation is
characterised by an ivory-white dolomite containing
bornite and chalcopyrite. It is bounded at its base in
the north by the Penge Iron Formation which is
composed predominantly of quartz, magnetite and
hematite8 and also contains subordinate carbonaceous
shale beds. The top of the sequence in the study area is
marked by Timeball Hill Formation which is
composed of shale, quartzite, and diamictite.
Bushveld Complex
The Bushveld Complex (BC), which intruded into the
Transvaal Supergroup, comprises the Rustenburg
Layered Suite (RLS) – a thick sequence of layered
mafic and ultramafic rocks ranging from dunite and
pyroxenite, to anorthosite and pure oxide layers9 – as
well as the Bushveld Granites. The Bushveld Complex
covers an area of approximately 65 000 km2, with a
thickness of 7–9 km. The rocks of the RLS occur in
extensive layers of varying thickness, and despite their
age of 2·05 Ga14 have experienced no metamorphism,
and only mild or local alteration.9 The RLS comprises
five major limbs – the western limb, the far western
limb, the northern limb, the eastern limb (all of which
outcrop at surface) and the south-eastern or Bethal
limb, which is covered by younger sediments. The
western and eastern limbs are the best known, being
the most extensive, with average lengths of ~200 km.
The northern limb is partially concealed beneath
younger rocks of the Waterberg Supergroup, the far
western limb is an eroded remnant, and the Bethal
limb is only identifiable through a gravity high, with
its location confirmed by borehole data.9 The
stratigraphy of the RLS is divided into five zones – the
Marginal Zone, Lower Zone (LZ), Critical Zone
(CZ), Main Zone (MZ), and Upper Zone (UZ).9
Northern limb
The northern limb occurs as a slightly sinuous, north-
west striking sequence with a length of 110 km and a
maximum width of 15 km,1,34 and differs in several
ways from the eastern and western limbs. Previously,
not all of the zones of the Bushveld Complex were
thought to be represented in the northern limb, where
the existence of units from the Critical Zone were yet
to be identified north of Mokopane (formerly
Potgietersus) and units from the Lower Zone were
thought to only be present south of Mokopane4,16 and
as satellite bodies. Current work, however, indicates
that a Lower Zone component comprising pyroxenites
and harzburgites occurs at the base of the succession
south of Farm Tweefontein, as well as in satellite
bodies.22 Marginal Zone norite also occurs
sporadically within the succession on farms
Macalacaskop 243KR and Turfspruit 241KR. These
sequences are followed by the Platreef itself, and it
appears that the entire magmatic sequence has an
overlapping relationship with the floor rocks, with
each subsequent magmatic event being intruded over
a wider area than the previous sequences.
The hanging-wall rocks of the Platreef are generally
PGE-poor Main Zone comprising predominantly
gabbronorite and are up to 2000 m in thickness.34 The
thickness of the MZ in the northern limb is much less
than in the eastern and western limbs of the Bushveld
Complex. This Main Zone is followed by Upper Zone
cyclic units of magnetite, magnetite gabbro, gabbro
and anorthosite, which are ~1500 m thick.2 In the
west, the hanging wall is a variety of Bushveld granites
and metasedimentary rocks.22
An important feature of the northern limb is that
the layered rocks have a transgressive relationship
with the country rocks of the Transvaal Supergroup
(i.e. the intrusion rests on progressively older rocks
towards the north). To the south of the town of
Mokopane, the floor rocks comprise Magaliesburg
quartzites. Northwards, the floor rocks first comprise
the Pretoria Group, the banded iron-formations and
dolomites of the Chuniespoort Group, and finally the
Archaean granites.16 The entire layered sequence
pinches out to the north.4,16,34
General geology of the Platreef
The Platreef, which is the major PGE-bearing layer of
the northern limb, occurs at the base of the layered
rocks. The Platreef comprises a ‘complex series of
medium-to-coarse-grained pyroxenites and norites
that contains xenoliths of the floor rocks’.12 It is
observed as being a highly inhomogeneous body,
comprising different rock types including pyroxenites,
para-pyroxenites, feldspathic pyroxenites (pyroxenites
with > 10% interstitial plagioclase), serpentinites,
gabbronorites and norites. The Platreef itself has been
equated with the Critical Zone and, specifically, the
Merensky Reef, of the Bushveld Complex proper,35,36
although other authors have regarded the Platreef as
the base of the Main Zone.33
The Platreef also contains xenoliths of altered
footwall, which vary depending on the footwall;
however, the composition of these rafts is not always
the same as the directly underlying footwall. For
example, the hornfels rafts within the Platreef; that
have a Duitschland Formation footwall of dolomitic
marble; have a mineral composition of aluminous
cordierite-spinel hornfels. These rafts comprise mainly
cordierite, with disseminated green spinel, and
accessory corundum, sillimanite and andalusite, that
indicates a high-grade of metamorphism of a shale
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protolith. Another example is the occurrence of
calc–silicate rafts in the northern sector of the Platreef
on the Farm Drenthe, where the direct footwall is
Archaean granite.12,22
The base- and precious-metal mineralisation of the
Platreef is unevenly distributed, and occurs over a
zone that is up to 400 m thick.22 The sulphides in the
Platreef usually occur as a combination of pyrhhotite,
pentlandite, chalcopyrite and, occasionally, pyrite and
bornite, which exist as several different styles or
phases of mineralisation. Massive sulphides are
recorded in core up to several metres in thickness, and
often contain a complex assemblage of sulphide
minerals. Typically, these massive sulphides are
dominated by pyrrhotite. Chalcopyrite usually occurs
around the rims of the pyrrhotite, and has pentlandite
associated with it. Pentlandite also occurs as veins,
and as exsolution lamellae within the pyrrhotite. More
rarely, these massive sulphides are dominated by
chalcopyrite, which have pyrrhotite veins running
through them. Associated with massive sulphides, and
often within serpentinites are ‘net-textured’ sulphides
that occur as a matrix to the silicate minerals, with
samples having 50–80 modal percent sulphides. ‘Net-
textured’ sulphides are dominated by pyrrhotite, with
minor chalcopyrite and pentlandite.
Fine-to-medium-grained disseminated sulphides
are common in the finer grained lithologies of the
Platreef, and are often interstitial. These sulphides
have a different modal mineralogy than that of the
massive or ‘net-textured’ sulphides. They usually
comprise approximately 50% pentlandite, 40%
chalcopyrite, as well as pyrrhotite and occasional
bornite. ‘Blebby’ sulphides also occur, and contain a
similar combination of sulphide minerals to that of
the interstitial sulphides. These blebby sulphides are
often observed as pyrrhotite with chalcopyrite rims.
Sulphides also occur within the metamorphosed
footwall of the Platreef, particularly within
calc–silicates, but also occasionally within cordierite
spinel hornfels. Typically, these sulphides are cubic
pyrite, but pyrrhotite has also been observed, sometimes
occurring in a cubic form. This is probably due to the
conversion of pyrite to pyrrhotite during the
metamorphism of the footwall. It should also be noted
that mineralisation occurs around calc–silicate rafts
within the Main Zone of the northern limb, especially in
the northern sector of the Platreef, and shows similarities
to that in the Platreef (sensu stricto).12,22
The sulphide mineralisation was thought to be of
primarily magmatic origin by some authors;33
however, evidence for post-magmatic fluid inter-
action16 is also present. Buchanan et al.,4 Harris and
Chaumba,16 and Armitage et al.1 suggested that
assimilation, or contamination, by sedimentary floor
rocks, especially those rich in sulphur, may have
contributed to the sulphide mineralisation of the
Platreef. Petrographic studies indicate an association
between sulphides and biotite, as well as the alteration
of silicates in samples with high sulphide content. The
degree of alteration associated with sulphides, as well
as the presence of biotite, is probably due to an
interaction between pre-existing silicate minerals, and
an immiscible sulphide liquid or later fluid-rich phase.
It has previously been assumed that the Pt and Pd
mineralisation within the Platreef was associated with
sulphide mineralisation. Armitage et al.1 noted that the
occurrence of PGE mineralisation associated with
alteration zones indicates ‘syn- to post-magmatic
crystallization or redistribution of PGE by
hydrothermal fluids’. The authors also noted that the
PGE mineralisation in the Platreef in the central sector
is more complex than previously thought, and that
several different mineralisation processes have been
involved in its formation. A new detailed study using
laser ablation-inductively coupled plasma–mass
spectrometry has revealed that, while Pd, Ru, Rh and
some Os and Ir are commonly hosted by sulphides, Pt
generally is not.21 In addition, a number of Pt-bearing
minerals, including geversite (PtSb2) and sperrylite
(PtAs2) and various Pt–Pd–Bi–Te-antimonide,
Pd–Pt–Sb–Bi-telluride and Pd–Pt–Bi-telludide phases
have been seen to occur in the silicates external to the
sulphides. This may be linked to contamination.
Hutchinson and McDonald21 noted that where the
degree of contamination was high, the Pt formed As
and Sb complexes, which were subsequently expelled
from the sulphide liquids. As a result of this, Pt was
fractionated from Pd and the other platinum-group
elements which remained within the sulphide minerals.
Previous stable isotope studies
The first sulphur isotope analyses conducted on the
northern limb were by Liebenberg.24 He recorded two
δ34S values for the farm Zwartfontein 818LR, both of
which had approximate magmatic values of +0·7‰
(for a calc–silicate) and +1·9‰ (from a pegmatoidal
norite; Fig. 3). Hulbert19 presented data from Lower
Zone pyroxenites and chromitites south of
Mokopane, as well as pyroxenites, chromitites and
anorthosites from the Critical Zone. These yielded
δ34S values from +0·96‰ to +7·54‰ (Fig. 3). He also
analysed two samples of Upper Zone material from
the northern sector of the Platreef on farm
Molendraai, which also had δ34S values of
approximately +2‰ (Fig. 3). Hulbert interpreted
these data as indicating that the majority of sulphur
associated with sulphides is of mantle origin. Elevated
δ34S values were ascribed to an increased fo2 which the
author proposed was due to the release of volatiles
from sedimentary material.19
The majority of the sulphur isotope data available
for the Platreef itself prior to this work was presented
by Buchanan et al.4 and Buchanan and Rouse5 and
was for a variety of sulphide samples taken from
Tweefontein and Turfspruit farms (Fig. 3). These
samples indicated δ34S values in pyrrhotite of +6‰ to
+9‰, which they suggested might have originated
from contamination by anhydrite within the Malmani
Dolomite.4 Sulphides from graphite layers on Farm
Turfspruit yielded values of –2·42‰ to +2·0‰.5
Manyeruke and Maier27 examined samples taken
from a core on farm Townlands (Fig. 3), and
identified three different units separated by hornfels
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rafts, which they termed the Upper, Middle and
Lower Platreef. Sulphur isotope values from this core
indicated that the Upper and Lower Platreefs had
elevated δ34S values of about +8‰, whereas the
Middle Platreef had δ34S values of about +4‰. These
elevated values were also attributed to the addition of
sulphur of crustal origin.
Cameron6 investigated sulphur isotope variations for
the Transvaal Supergroup, specifically for the Timeball
Hill shale, Penge Iron Formation, the Malmani
Subgroup, and the Black Reef Quartzite in the eastern
Bushveld. It is recorded that the majority of these
lithologies have significantly negative δ34S values. The
Timeball Hill Formation yielded δ34S values of –12‰ to
–18‰, and the Penge Formation has δ34S values of –3‰
to –6‰ (Fig. 1). Pyrite-bearing shales from the
Malmani Subgroup showed some variations, with the
upper three-quarters yielding δ34S values of 0‰ to –8‰,
and the lower quarter yielding values of +3‰ to +10‰.
Pyrite in quartzites of the Black Reef Formation gave
δ34S values of about +3‰ (Fig. 1).
Li et al.23 examined sulphur isotope variations for
the Uitkomst Complex, which is considered to be a
satellite body of the eastern Bushveld Complex. In the
unmineralised lithologies of the complex, as well as
the basal gabbro, δ34S values are recorded as being
close to magmatic (–0·9‰ to +2·6‰). However, in the
sulphide-bearing harzburgites, the δ34S values
indicated a contribution from crustal sulphur (–2·6‰
to –7·1‰), which the authors proposed was probably
from either the Malmani Subgroup or the Timeball
Hill Formation.
Oxygen isotope work has been conducted both on
the northern limb,16,17 and on the eastern and western
limbs of the Bushveld.30,31 Schiffries and Rye31
recorded δ18O values from mineral separates within
the RLS at approximately 1‰ higher than values
expected for a basaltic magma. No systematic
variation with stratigraphic height was observed. This
was suggested to indicate RLS magmas were
contaminated and were well mixed before
emplacement. The slightly elevated δ18O values could
be attributed to the assimilation of Transvaal
Supergroup rocks into the magma, i.e. up to 10–29%
contamination.
This observation was supported by Harris et al.17
who also found slight elevated δ18O values, and no
stratigraphic variation. This is thought to indicate that
BC magmas were contaminated before emplacement,
supporting the staging chamber hypothesis. However,
the most likely contaminant is suggested to be the
middle-to-lower crust, and not Transvaal rocks as
previously proposed. This is also supported by a
Sr–Nd isotope study conducted by Maier et al.25
Reid et al.30 examined samples taken the footwall of
the Merensky Reef as it occurs in a pothole formed in
the Merensky Reef of the western limb of the
Bushveld Complex. They found that their δ18O data
agreed well with that of Schiffries and Rye,31 with
δ18Oplag values of approximately +7·1‰, and δ18Oopx
values of approximately +6·6‰. No variation with
depth was observed by the authors. They also
recorded a ∆plagioclase–pyroxene = 0·5‰, indicating that
magmatic processes were responsible for silicate
formation. This is also in agreement with Schiffries
and Rye.31
Harris and Chaumba17 conducted stable isotope
studies on plagioclase and pyroxenes taken from
feldspathic pyroxenites of the Platreef at Sandsloot
Mine in the northern limb. These samples (which were
genuine magmatic feldspathic pyroxenites) indicated
assimilation of Malmani Dolomite footwall.
METHODOLOGY
Sample selection
Sulphides for this study were collected through a
vertical Platreef profile of 450 m and from sulphide-
bearing footwall lithologies. Samples were chosen
from selected cores on Farms Macalacaskop (AMK-
21), Turfspruit (ATS-46, ATS-57, ITS-33) and
Rietfontein (ARF-08) (Fig. 2). The cores selected had
varying footwall lithologies including pyritic shales,
sulphide-bearing dolomite of the Duitschland
Formation and anhydrite-bearing dolomite of the
Malamani Subgroup. Sulphides from the Platreef
were collected systematically from top to bottom and
included disseminated, blebby, net-textured and
massive ore together with sulphides from hornfels
xenoliths. Chosen samples were either crushed or
2 Geological map of the northern limb of the Bushveld
Complex showing the location of boreholes used in
this study
prepared into polished blocks. An oxygen isotope
study was also conducted to compare any effects of
crustal contamination on host rock silicates with
those of sulphide minerals.
Sample preparation
Samples that were crushed were then milled, and
sieved to –125+90 µm in size. These fractions were
then washed and dried to remove any very fine
material. Samples were also cleaned of any heavily
magnetic minerals (i.e. magnetite or pyrrhotite) using
a hand magnet, then separated according to magnetic
susceptibility on a Frantz Isodynamic Separator using
various amperages. Separates were then further
cleaned to remove any remaining silicates using heavy
liquid separation (bromoform) resulting in pure
sulphide fractions. For samples where it was not
possible to separate out pure sulphides, mineral
separates were extracted by microdrill from polished
blocks at University College London. This drill allows
for the extraction of mineral separates on a small scale
as its tip is approximately 50 µm in diameter.
Sulphur isotope analyses were conducted on
pyrrhotite, pentlandite and chalcopyrite mineral
separates from the Platreef, pyrrhotite and pyrite from
hornfels within cores, as well as on pyrite and bornite
from footwall material of the Duitschland Formation.
Anhydrite samples from a dolomite, which occurs in
the Central Sector of the Platreef, were also analysed
for comparative purposes. Sulphur isotope analyses
were conducted at the Environmental Isotope
Laboratory of the iThemba Laboratories in South
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3 Histograms showing all of the sulphur isotope analyses for the northern limb of the Bushveld Complex. Data for
Zwartfontein from Liebenberg;24 data for Macalacaskop, Turfspruit and Rietfontein from this study; data for
Tweefontein from Buchanan et al.4 and Buchanan and Rouse;5 data for Townlands from Manyeruke;26 and data
for Molendraai and Volspruit from Hulbert19
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Table 1 Sulphur isotope data in per mil relative to CDT
Sample number Rock type Mineral Sulphide/sulphate texture δ34S‰ CDT
ARF 08/36.42 Cordierite-Spinel Hornfels Pyrrhotite Fine-grained disseminated 5·3
ARF 08/36.42 Cordierite-Spinel Hornfels Chalcopyrite Fine-grained disseminated 5·6
ARF 08/36.53 Cordierite-Spinel Hornfels Pyrrhotite Fine-grained disseminated 5·0
ARF 08/44.65 Norite Pyrrhotite Medium-grained disseminated 5·2
ARF 08/49.26 Norite Pyrrhotite Fine-grained disseminated 4·5
ARF 08/49.26 Norite Chalcopyrite Fine-grained disseminated 4·8
ARF 08/49.26 Norite Pyrrhotite Fine-grained disseminated 5·2
ARF 08/52.42 Gabbronorite Pyrrhotite Fine-grained disseminated 5·4
ARF 08/73.24 Gabbronorite Pyrrhotite Fine-grained disseminated 5·1
ARF 08/76.80 Cordierite-Spinel Hornfels Pyrrhotite Fine-to-coarse grained blebs 5·0
ARF 08/82.74 Gabbronorite Pyrrhotite Medium-grained disseminated 4·9
ARF 08/96.32 Gabbronorite Pyrrhotite Medium-grained disseminated 4·1
ARF 08/106.67 Gabbro Pyrrhotite Coarse-grained blebs 4·2
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 4·9
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 4·9
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 4·9
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 5·4
ARF 08/124.64 Massive Sulphide Pyrrhotite Massive sulphide 5·4
ARF 08/126.27 Norite Pyrrhotite Fine-to-coarse grained interstitial 5·6
ARF 08/129.78 Norite Pyrrhotite Medium-to-coarse grained blebs 5·0
ARF 08/129.78 Norite Chalcopyrite Medium-to-coarse grained blebs 5·4
ARF 08/130.89 Norite Pyrrhotite Very coarse grained bleb 5·3
ARF 08/153.46 Calc-Silicate Pyrrhotite Fine-grained disseminated 4·5
ATS 46/60.34 Pegmatoidal Norite Pyrrhotite Coarse-grained bleb 1·1
ATS 46/60.34 Pegmatoidal Norite Chalcopyrite Coarse-grained bleb 1·1
ATS 46/61.12 Feldspathic Pyroxenite Pyrrhotite Coarse-grained bleb 1·1
ATS 46/61.12 Feldspathic Pyroxenite Chalcopyrite Coarse-grained bleb 1·3
ATS 46/61.12 Feldspathic Pyroxenite Pentlandite Coarse-grained bleb 0·9
ATS 46/146.71 Feldspathic Pyroxenite Pyrrhotite Fine-to-medium grained disseminated 5·9
ATS 46/154.67 Gabbro Norite Pyrrhotite Net-textured vein 6·3
ATS 46/207.50 Hornfels Pyrrhotite Medium-grained bleb 9·7
ATS 46/316.62 Peridotite Pyrrhotite Medium-to-coarse grained interstitial 4·8
ATS 46/345.60 Dunite/Peridotite Pyrrhotite Net-textured 5·3
ATS 46/457.49 Pyroxenite Pyrrhotite Fine-grained interstitial 5·4
ATS 46/461.21 Feldspathic Pyroxenite Chalcopyrite Medium-grained interstitial 5·5
ATS 46/469.25 Calc-silicate Pyrrhotite Fine-grained disseminated 16·4
ATS 57/72.48 Pyroxenite Chalcopyrite Coarse-grained bleb 1·0
ATS 57/118.78 Pyroxenite Pyrrhotite Fine-to-coarse grained interstitial 2·2
ATS 57/180.64 Feldspathic Pyroxenite Pyrrhotite Fine-to-medium grained disseminated 4·5
ATS 57/218.39 Pyroxenite Pyrrhotite Net-textured 5·0
ATS 57/218.39 Pyroxenite Chalcopyrite Net-textured 4·9
ATS 57/221.39 Massive Sulphide/Pyroxenite Pyrrhotite Massive sulphides 5·3
ATS 57/221.39 Massive Sulphide/Pyroxenite Pentlandite Massive sulphides 5·4
ATS 57/268.15 Feldspathic Pyroxenite Pyrrhotite Fine-grained disseminated 4·6
ATS 57/325.32 Calc-silicate Pyrrhotite Coarse-grained bleb 28·2
ATS 57/325.32 Calc-silicate Pyrrhotite Coarse-grained bleb 27·7
ATS 57/325.32 Calc-silicate Pyrrhotite Coarse-grained bleb 28·7
ATS 57/335.07 Calc-silicate Pyrite Fine-grained disseminated 16·9
AMK 21/125.76 Pyroxenite Pyrrhotite Coarse-grained bleb 2·2
AMK 21/125.76 Pyroxenite Pyrrhotite Very coarse grained bleb 2·1
AMK 21/227.15 Serpentinite Pyrrhotite Interstitial 3·3
AMK 21/232.62 Pyroxenite Pyrrhotite Interstitial 3·6
AMK 21/232.62 Pyroxenite Chalcopyrite Interstitial 3·6
AMK 21/235.31 Calc-silicate Pyrrhotite Vein within chalcopyrite bleb 3·5
ITS 33/241.16 Feldspathic Pyroxenite Pyrrhotite Coarse grained interstitial 1·8
ITS 33/241.16 Feldspathic Pyroxenite Chalcopyrite Coarse grained interstitial 1·7
DL1 Dolomite Bornite Alteration vein 1·5
DL2 Shale Pyrite Medium-grained nodules along bedding planes 8·2
TN75 Anhydrite Anhydrite Vein 20·2
VK75-305 Anhydrite Anhydrite Vein 19·8
Sample prefixes ARF, ATS and AMK refer to Rietfontein, Turfspruit and Macalacaskop, respectively.
Africa, and microdrilled samples at Royal Holloway,
University of London in the UK. Samples for sulphur
isotope analysis in South Africa were prepared using
the procedure outlined by Horstmann and Malinga18
and analysed using a continuous-flow isotope ratio
mass-spectrometer (GEO 20-20). Sulphur isotope
analyses conducted in the UK were done using
procedures outlined in Grassineau et al.13 All sulphur
isotope data are reported relative to Cañon Diablo
Troilite (CDT).
Oxygen isotope analyses were undertaken on
plagioclase and orthopyroxene separates from various
lithologies of the Platreef, as well as on cordierite from
footwall xenoliths within the Platreef. These minerals
were hand-picked under a binocular macroscope
using samples that had been crushed and sieved to
–250+125 µm. These silicate separates were crushed to
a fine powder, and placed in an oven at approximately
50°C to dry. Once dry, the sample was weighed out (~10
mg) and placed in a nickel reaction vessel (inside
diameter ~12 mm) which was over-pressurised above
atmosphere with dry nitrogen.34 The extraction line
consisted of ten reaction vessels, of which eight were
used for samples, and two for standards.15 The analysis
thereafter follows the procedure outlined in Harris et
al.17 The analytical precision is estimated to be ± 0·1 per
million based on the long-term average difference
between duplicates of the MQ quartz standard.17
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4 Diagram showing variation of δ34S values with depth and increasing distance from the footwall, as well as δ34S
values from various sulphur-bearing footwalls of the northern limb
5 Diagram showing variation of δ18O with depth and distance from footwall, as well as δ18O values for footwall
material that was analysed
RESULTS
Sulphur isotopes
Data obtained from Platreef sulphides varied according
to the type of footwall lithology. On the Turfspruit farm,
where the footwall is Duitschland Formation, δ34S values
can be separated into two distinct groups, one with an
average of +5·2‰, the other with an average of +1·4‰
(Table 1; Fig. 3). These two groups occur at different
depths in the sampled cores, with higher values occurring
towards the base (Fig. 4). On the Rietfontein farm,
where the footwall is also Duitschland Formation, δ34S
values all grouped together, with an average of +5·0‰
(Table 1; Fig. 3). Hornfels xenoliths from the two farms
also split into two groups, with hornfels from the
Rietfontein farm having an average δ34S of +5·2‰, and a
hornfels from the Turfspruit farm yielding a δ34S value of
+9·7‰ (Table 1; Fig. 3). Calc–silicates from the two
farms generally showed two different sets of results, with
pyrite and pyrrhotite within calc–silicates from farm
Turfspruit having average δ34S values of +16·6‰, and a
pyrrhotite from farm Rietfontein, yielding an average
δ34S of +4·5‰. Analysis of a coarse-grained sulphide
bleb which occurs within a calc–silicate at the base of
core ATS 57 yielded anomalously high δ34S values of
+27·69‰ to +28·17‰.
Sulphides from magmatic Platreef rocks sampled
from farm Macalacaskop, which has a footwall of
Timeball Hill Formation quartzite, showed slightly less
variation. Analyses yielded an average δ34S value of
+2·9‰ (Table 1), although a slight decrease in sulphur
isotope values (from +3·6‰ to +2·2‰) is seen from the
bottom to the top of the sampled core. A serpentinite
from the same core yielded a δ34S value of +3·3‰ and a
pyrrhotite from the calc-silicate footwall has a δ34S value
of +3·6‰ (Table 1).
Footwall sedimentary sulphides taken from Farm
Duitschland gave varying sulphur isotope values.
Bornite from dolomite at the top of the Duitschland
sequence yielded δ34S values of +1·5‰, pyrite from the
shales at the base of the sequence gave δ34S values of
+8·2‰, and anhydrite gave δ34S values of between
+19·8‰ and +20·2‰.
Oxygen isotopes
In the Platreef, some small variations of oxygen
isotope data occur according to height above the
footwall (Fig. 5). Recorded δ18O values varying from
+6‰ to +9‰ for plagioclase, and +6·5‰ to +8·5‰
for pyroxene (Table 2). Cordierite from hornfels rafts
showed slightly higher δ18O values with a maximum of
+11·5‰ (AMK021/393.33, ATS046/207.25), whereas a
calc–silicate from the direct footwall (ATS046/496.25)
had a similar δ18O as that of the Platreef itself (+8‰).
The ∆plag–opx values recorded by this study show a large
variation from –1·48 to +2·41 (Table 2).
DISCUSSION AND CONCLUSIONS
Sulphur isotope analyses of sulphides from eclogites
and associated kimberlites on the Kaapvaal Craton
yield δ34S values of +0·2‰ to +2·1‰.33 This provides a
viable range of δ34S values for magmatic sulphides as
they occur beneath Kaapvaal Craton. In this study,
sulphides with values within this range were obtained
from the top of cores from farms Macalacaskop and
Turfspruit. Therefore, the group of δ34S values that
have an average of +1·4‰ can be said to be of
magmatic origin and hence help to constrain a
magmatic end member for the Platreef.
With increasing depth in the Platreef towards the
footwall contact, these values increase from +1·4‰ to
+5·2‰, which is seen clearly in Figure 4 where data
are plotted against height above footwall contact. The
only elevated δ34S values more that 175 m above the
footwall contact are related to a hornfels raft. This
increase in δ34S values towards the footwall contact
seems likely to reflect an increasing contribution from
crustal sulphur close to the floor. In the southern sector,
the most likely source of crustal sulphur is from
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Table 2 Details of all oxygen isotope analyses for this study (‰, V-SMOW), as well as the difference between δ18Oplag and δ18Oopx
analyses (∆plag–opx)
Sample number Rock type δ18Oplag δ18Oopx δ18Ocord δ18Ocalc-sil ∆plag–opx
AMK021/90.25 Spotted Anorthosite 9·1 6·9 2·2
AMK021/222.06 Serpentinite 7·3
AMK021/232.62 Pyroxenite 7·3 8·7 –1·4
AMK021/240.62 Pyroxenite 8·7
AMK021/393.33 Metamorphosed quartzite 11·6
ATS046/60.19 Norite–Leuconorite 7·7 7·3 0·4
ATS046/131.64 Feldspathic Pyroxenite 9·7 7·3 2·4
ATS046/207.25 Hornfels 9·7
ATS046/275.80 Olivine. Feldspathic Pyroxenite 8·0 7·0 1·0
ATS046/383.23 Feldspathic Pyroxenite–Pyroxenite 8·4 6·8 1·6
ATS046/461.13 Feldspathic Pyroxenite
ATS046/496.25 Calc-silicate 8·1
ITS033/241.16 Feldspathic Pyroxenite 7·6 6·5 1·1
ITS033/253.44 Pyroxenite 5·9 6·7 –0·8
Abbreviations: plag, plagioclase; opx, orthopyroxene; cord, cordierite; calc-sil, calc-silicate.
Duitschland Formation footwall, as δ34S values for other
lithologies within the Transvaal Supergroup are
generally negative (Fig. 1). This contamination probably
occurred through the release of sulphur- and other
volatile- and trace element-enriched fluids from the
pyrite-rich shale during metamorphism to aluminous
cordierite spinel hornfels which occur as rafts in the
southern sector of the Platreef. The whole-rock
geochemistry of these rafts is similar to that of the shale
in the Duitschland Formation.
When combined with data from previous
work,4,5,19,24,26 the data from this study indicates a
variation of contaminated δ34S values for the Platreef
along strike (Fig. 6). When there is a quartzite footwall,
sulphur isotope values are approximately +3‰, whereas
with a footwall of Duitschland formation δ34S values are
approximately +5‰. In the central sector where the
footwall is Malmani dolomites, sulphides have sulphur
isotope values of +3‰ to +6‰, whereas on Archaean
granites in the northern sector δ34S values are +2‰. We
propose that during metamorphism of footwall, volatiles,
(including sulphur) are released into the magma. These
volatiles travel through the system, causing sulphur
saturation and the formation of an immiscible sulphide
liquid which re-crystallises any pre-existing magmatic
sulphides. The magmatic sulphides which occur at the top
of the core have not been affected by these volatiles, and
hence retain their primary sulphur isotope signature.
Thus, whereas Buchanan et al.4 and Buchanan and Rouse5
proposed contamination of the Platreef by anhydrite, this
study has shown that pyritic shales as well as
anhydrite-bearing dolomites have contributed crustal
sulphur to the Platreef magma.
The δ18O data from this study agree in general with
previous studies.16,17,30,31 These datasets indicate the
presence of crustal oxygen within the northern limb, and
little variation with depth through the entire sequence,
especially in contrast to the sulphur isotope data. This is to
be expected, however, as oxygen is a major element, and
sulphur is a trace element. Addition of a small amount of
sulphur from a sedimentary source containing high δ34S
will be noticeable, but similar contamination of a magma
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7 Diagram showing different oxygen isotope data for different sectors of the Platreef. Data for Malmani dolomite
footwall from Harris and Chaumba16
6 Diagram showing the geology of the Platreef with
sulphur isotope data of the Platreef and equivalent
lithologies. Map from P. Nex; data for Townlands
from Manyeruke and Maier;27 data for Macalacaskop,
Turfspruit and Rietfontein from this study; data for
Tweefontein from Buchanan et al.4 and Buchanan and
Rouse;5 data for Zwartfontein from Liebenberg24
with a δ18O of 7‰ by a hornfels with a δ18O of 10‰ will
not make a noticeable difference. It is, however, important
to note that the Platreef pyroxenites in contact with
shale/quartzite have slightly higher δ18O values than the
RLS in general, and are also different to those recorded at
Sandsloot (Fig. 7).29 This indicates either a greater degree
of crustal contamination at Sandsloot, or that
contaminants at Sandsloot have higher δ18O values. We
believe that the latter of these two possibilities is the more
likely, with δ18O values for the dolomite footwall at
Sandsloot being much higher than the δ18O values for
hornfels and quartzite in the south. This agrees with the
conclusions reached by this study from the interpretation
of sulphur isotope data.
Previous authors16,17 have recorded ∆plag–px values of
approximately +0·5‰, indicating that silicate minerals
were magmatic. These authors suggest that this indicates
that contamination of the magma occurred pre-
intrusion, probably in a staging chamber. However, the
∆plag–opx values recorded in this study do not completely
support the view that the silicate minerals in the Platreef
were formed through magmatic processes. The data
presented in this study suggest that some sub-solidus re-
equilibration has occurred. This may be due to deuteric
fluids moving through the northern limb in the final
stages of its formation and possibly causing the re-
crystallisation of certain silicate minerals. For example,
this may be the result of a granitic component flushing
through the system, which is now represented in the
Platreef as quartzo-feldspathic veins.21 This fluid is
probably related to the volatile-rich fluid that assisted in
the formation of the sulphides within the Platreef.
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